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Applications and challenges of capacitive deionization technology

in selective separation
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of China, Hefei 230026, China)
Abstract: The selective separation of ions in aqueous solutions is of significant importance for water
purification and resource recovery. Capacitive deionization ( CDI) has emerged as a novel electro—
driven desalination process that is gradually being applied in the selective separation of target ions from
multicomponent solutions. By utilizing customizable electrode materials, interfaces, and adaptable oper-
ating conditions, CDI offers substantial advantages in modulating ion adsorption processes, thereby
achieving selective separation of target species. This review provides a retrospective analysis of the de-
velopmental trajectory of CDI, with a focus on the mechanisms employed for the selective removal of
ions from water using innovative electrode and membrane materials. Additionally, we delve into discus-
sions on the impact of material chemical modifications and various operational factors on CDI selectivity.
The paper also highlights several challenges faced by CDI in practical selective separation applications
including the limited selectivity potential of traditional carbon—based electrodes, the need for the devel-
opment of novel membrane materials, incomplete evaluation systems for selective separation perform-

ance, and inadequate research in system design. Furthermore, this review provides insights into the fu-

75 B #5:2023-12-23 DOI; 10.20078/j.eep.20240114

HEE&TH.BR A AHAF AL ® EFBR A (NSFC-52370090)

EERIN A BE(2001—) , B , ZHMENA, ML A, ERHRF G A LA FRMTES E-mail: 1173022985@ qq.com
WBIEE . RF B (1989—) , B, L 1EA #I, T 2R H & A BALF KA E | E-mail: changyongzhang@ uste.edu.cn



B BEAE AR R T EORAE R0 B T B L AP AR -39

ture prospects of CDI in industries such as electronics, rare earths, and food, providing guidance to re-

searchers for the development of low—carbon and efficient CDI selective separation processes.

Keywords: Capacitive deionization; Selective separation; Water purification; Resource recycling; In-

terface control
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Fig. 1 CDI system configuration development diagram
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1.2 BEEMH

[ HL 2SR R 036 TO ML S H AL RE A Ak i
TR RLSE | o T A W B 2 e AN E AR e
SERITHRIRER W12 FIAE CDI Ak 8
BAFEE B . TCHL S HR H BB 4 2R U R AR )
( Layered Double Hydroxides, LDHs) | JZ2Ik 4 J& &
L) ( Layered Metal Oxide, LMO ) A1+ 5 2501

¥) (Prussian Blue Analogs,PBAs) 284 )28 #l, X
T A A 5 A 7 T B T 2 W) i A
BT RN B LR AR A AR T 3R A
AR, BN, BAT 25K F Ni- AL 2R 4 )8 4
4 (Ni— Al-1LMO ) B B 325 456 1 b 43 8 ik K h
ML . BT FOR e O DL R L R
SRR Z I 25 B AEHT, Ni-AL-LMO X F~ e K



B BEAE AR R T EORAE R0 B T B L AP AR 43

M 28 50 mg - o', & CITHY 4 £%, KIM &5 DI4H
BT A IR N A AR L B9 ( Na, ., MnO, ) N £
BHES TR P BRI Na™ 1) 745 Tl 1 e i AR 45
BRI, Na* % KM A9 BE B35 3] 13, Na* Xt Ca™/
Mg E’Jﬁ& PEIRE] 6~8, 7SR ERFR i ( CuHCF)
JE— PP L RS, KIM 45 7E XU A b 2
%m*mmﬁ%ﬁmimsvpknTﬁNmm
WEBEPE L Y . CuHCF AR %t Na* By 2L B M 35
F 4 LI, AT RIS 80% A9 NH . TSAI Zfd H T
T3 b A 7S B R R R ( NiHCF )
VE Ay v W Ak 38552 B 3 T 75 K AR B K oY
NH; P B HKE B LR IR AR
TREfSe ik A 2 NiHCF Hi % 19 i 4% o, NiHCF
P 6T BH S B AR S 4 )2 U NH >K* >Na* >
Ca™>Mg™, BLAM, FE4H )2 MR (U1 PBAs) By #E
'M%ﬂhﬁmmwﬁﬂiu%%ﬁﬁ%mﬁ%

EB TR, JIANG S8 THRA LiT
P TI
Ni-A-LMO
s
a5 o ©
” 0,00 Xt
-1 J
Z ki
Ni-AI-LDH v
e S
@ Na or ecr [ Yelor ®S0;
(a) Ni-A/LMOB!

FA b

o 5 D) & rs?a«% el ®
T o.° @ § \
®) ®®
: )
: E %) L
€ Uo\%//\r \/
Al-Zn-LDH/rGO
osuithnT @ wmisT @ LDH 32160
(¢) Al-Zn/LDHs""

K )7 CuHCF g B 45 A Re AR 2 3k
B KA G A5 A e T BRI B e, AR IR FRAR
fetfe /I, R R ] LS BT & B AR
B e NP IRIE =Y i o O

TRIZ AL 5 F 1 22 0 ) i ik 5 Bl o ™ 5
Wi T A BN . SHT 2543 M T A TR) A 1305
(AL HE U 0 2 A 500 48 AS (5] 09 i 3K A4 45 ) %t
CuHCF LB 19 Na™ W B 14 8 F1 96 36 75 i (1) 5%
TR 1 a0 N UG T S NI T N N
(<35 nm) FIFAR A S5 R K A5 AT DU Na* B RR
i 40.4 mAh - ¢ ' (XJHE) R & 53.2 mAh - g7,
{ERIBFd AR T KIS 1T B B AR M (100 IRTF
IMEFRF 20% ~ 55% 60 ) o 53 4h, BB FIAE M
A BT IS BE AT 3% % Cu (11) /Cu (1) EALIE JFRT
IR E T Fe (1) /Fe (1) E LA JFXT CDI FEFME:
REARRUE M (100 RTEIMR R 79.4% %86 ) |

WA, J2 R F B A ] LA 3 7 224 ik 30 2 i

-H O
% @@E
o o°

=i
(b) CuHCF/PBAs™!

B T AR

B PRI AR

o+ +HE OGO+
2 AL

«M-V ©® gy
----- 28 [t e [ TH T Q rhnt
© r&T
"‘"“""'%& ﬁ{z&+++++
Iz l(: Redox 7 5
A Y

(d) B(ZHH) P VF) AL gk

4 ARERBBERBIMRHEFMERBRIE

Fig. 4 Mechanism of selective removal of different types of pseudocapacitor materials

T ELA W B v B T AR SR R R T
AR AL (B MXene ™)) (45 K T L3 5 4t
Mo/ AL VR R 55 08 0 AS TR] 1) 2% I B 2 AR B

ORI = e o G N e N R U N C
A2, BYLES 2% i i ol 22 2R — S AL il
W R, 7E Na*/Mg™ IR AW h, 9l T



<44 - e O

B A

55 38 B4 1 1]

Na'* A 56 0 i

FH AT D3 40 oA A v A 2 8 - TR R
B — Rk £E, SU SRR (O3 %k
(PVF) XFHR 40 K4S AT DI Re AL, FF & T — P gt X
B S BH B 1 10 SRR 3 e R M A, TR IR A ST
T AP W B AR R A S —Fh I N
(2% LR, B 5 AR R £h 45 S A% A ML A & i
FUMHE AR, HIR I St o] 5H VL T2
BRI FEKIR R A DR R o XA L
BB T B 3 B 43 91 > 40 F1>3 000, 76 B3 5 ik
o BT RE . A, i A BAIE BE 3 T HA AR X F
AL I RE R AR A BHAR R e, o, BHAR
WAL SR8 A TR) , 17 B AR 0 SR T (3R 05 )
—il (PUZRFEIR T 065 ) (CpCoCh) TIfEfL AR , X
e BRI AR A4 Aok 38 3k 5 PH 8 B9 B A 2 A LA FH S
XoF BH B F I BE BRI, #h 8 T PVF D REAL FHAR
BB F M B Pk, 7ESeF PHES F (Na* ) i &
300 fEHTE LT, % R GEXT T L i A4S B 55
BHLHE P EA R &S ks, ok, —se i
A AR S R A HLER A Pt P 1 L
PR RN = 4 A %03 A T A2 B 5T 3T O
TE. B, (2, 6-LIE ¥R ) (PPDA) AT LI
Cu™ NV, 3 4o 2 356 110 B & el A7 fish % 1) T 1
L BB Cu™ B EA 3

AT G T AR 28 R (1 A b R (HL A R
SR (Y TR B AL O AR T
HoorsibEre, AR, HRAE N CDI B84 B i
FEH O 1, RAE B CEZIE SR, 5k
MREREENT R 2 s = KIaE 1750 , it
L RSE PE MBI S M X B = 3 A4 R R SR AL
TRIZEEF 0 43 LA S TR 4 i 5 RS 10 BT e S 2
PR 22 #8 T B e ) ST B A S AR i e
P2 1R FEL AR B RG  E AT 8R S — A G ), %
I, PAN S8 St $2 T EF X HCDI 7B FR M RE 1Y )L
Fiekct s s o — RO ik R Bl A B AR
JECTE A A 58 I IV g A A HCDT 4 B B, LA BRI G A%
G5 T AU 2B o —R oy
TR SR FH  HLS 2  B N U IR B B Ak A1 B
VEBAAR , S A A% AT AFEAIRH R TR, I 2K
O 5 BHAR: L R AR SR

2 BTIREFEER

B SCPEAATTE 1 il ad A R ok S B g 11
PR TIE SPERE, SR IMTAE CDI A R AY I [

FEEXEHE, REWFRIUEM T IEMs 76 1k 355
FHEF 8D B AR, DA CTE 22 s 25 H it 2
I R 2505 T A 3T TEMs AR DA hy e s
[ )T B I 7t = v vk = P S 1§ A N I
SRS T e R SIS e BRI Y
2.1 PHEFZHIE

H i % BB 38415 ( Cation Exchange
Membranes , CEM ) 8 # 75 J5B 48 L 47 47 17 L faf 79
BREA (WRIREL WERREL I R LR ) , XL F BE
HAVRBH B Fam ' BeAh, ¥ 4r CEM X st
BH S B SRR D 9 0 A B S i B R
CSO( Selemion) Fl1 CIMS ( Neosepta) , CSO J& H A
—JZIERATZE, BT RATHE R SO0, P B
F PHES T A S 8 HE SR, CIMS [ LA w5 B 30 Bk
(IR 548, Fe Pk B2 AR B/ N B FH 5 13
i1, B K AR R B M BB 77 CHOIT
ZEfdi F CIMS JEERT % B Na®/Ca®™ 9 B PHES T3
FEE(R) R 1.8, il i e R 2 BR Na™ 1581 Ca™ ¥k
VSO BRAN, TR R A L b R pH RN AR AR 1Y
AR ARR E T, S ik B g5 R AE, X ik
PEVERY 40 05 R T 5T 1 28 4 I ( PEM) I AE7E, il
RN E T2 3] T R F ) F R
2.2 FABFLHE

5 CEM %5 HIZE AL, B9 %5 - 22 4 JIEE ( Anion
Exchange Membranes, AEM) W% T MCDI 5
FRERETEIF 9T . AR 4 R L AEM 242 iE 35
A3 BAES T I A%, MCDI X B BRE: 1Y 25 B R K T4
PR RIS R 0 1 25 B R0l P R el it O s 1
TEMs J&—FhHE T+ MCDI 3£ 59357 )7 3, 38 v fit
AT DA GE i e VR A O R R B R AE AL
SINGH S5 7S 50K R B FEL A AR Pl 2R s 35— HH 3L
FALEE (PDADMAC) FIR 42K IR BETRHH ( PSS)
WK AEM 856, SCBL T — M 0 M P 7 DL &
BH B3 A [ sk 3 23 Y ek e — 40 B
BN T — B B, i NiHCF HL Al X% —
WA RN e T M B 7, ClXF SOT Y
IYESRB(B) N T<B<14, T Na™Xf Mg* HY43 55 &
B(B) 3R 17, 43 BAA BT oo RS R REL B 1 2
TRERRE , X PR EREIEAE R B A SR B T
PREEARAE,
2.3 BFLHMIERE

55 TEMs 501, T & VR A v i T 1) 5 758
P i i 2 R HE i CDT e B i —Fl o i (1A
5) . ERAKZImMERR LR (PSS) XF M i 1 1) 3% A



B BEAE AR R T EORAE R0 B T B L AP AR

.45 -

71 ,NNOROM %538 1 2 A8 PSS 5 H % 114 32 5K 2%
VAT KV B T aC e B S v BRI,
B2 MCDI T2 M5 Tk 82, B 8_ 7 T X
Ca®* HYIERME L BRPERE , Ca® /Na HUEFEME R BN
8 ZcAi ™ KIM 4530 i e 1 1 i FEL A I VA 7 A5 5
FREPEE DK S NG (CSN) WR)Z, FTLATE Na™ 17
TEF RSP 22 5 Ca™ Y Y kRl Ca®/Na®
g1 1 BF, CSN HLAR T Ca®" (/)W BfFE HE oA 94 7 F,
Wei®s 50.7% ,%F Na* W B4 T 1% T 48% .,

YEO 5538 i3 7 B b 14 7 i R b e B 1 5 4
PEARRFZE T CDI & 22 X A R £k (0 2 B2 1, -
S50/ AEM MR RIE4T T HEDY iR b e
PERT A S — i B A 10 58 B B 35 58 38511,
NO; HA = Bk #e: . 7E MCDI R &R v, NO;/Cl

(a) PSS¥RZELILRR M 2 B Ca” HL 5 2™

L I T SN 7/ N S R T

(¢) CSNIRJZ OISR ML Rk 2 BRCa” L - ™

—_ —
—_ N
T

W/ (mmol L")
(=]

w

Lo 2
W lE AC Gra Ti 0

(e) WERGRE"™

30 60 90 120 150 1

I 5] /min

(f) QPVAHUBRIEFEME LIRS0 43 155 Mk g™

BB R BON 2 2247 ;807 /Cl iyt R 804
R 1.3, 31X 5 H AR 5T iR GE A S AR A,
RS AL B W 5, NOS/C1 Fll NOS/SO2 1y 1k 5
Sy E 3.7 A 1.3, KIM i A R 46 % R
RERRA 2] T ARG 45 5 (NOS/Cl =3.2) % i
SRAEAR I SCHR Y, 7 FH AR PR Eh 1E B PR g — EL T
PIARTS R AT NOS B (RO s R 3L
T B AR LG, NOS R SR AR, Fr K Y
B[] A B 2 58 2 Y L 5 YEO A8 T4
FABL,ZU0 55 H ZE R DI RB AL I 3R I B (QPVA)
KA R 2 % e AR EAT T 2otk R 2 S
FIOR F /N R 6 1B 1R 2 - 22 40 Ak g J0UR. | 3
SEIGORAELE T IR IZ T, i SOT fL 263 B8 ) ik = 1
BRI 37 A 00 ST BT R SO AR e e B, 24

12

= PEDOT:PSSi4 7

10t o KR
o A
Z s
S
&\ 4+ ']
&) °

2 L

0 10 20 30 20

CaCly V-2 #h Wy bt i % /(mg . g '« ")
(b) 1K RGBSR %Ak
100 100
mNa mCa” .

% 80 | 180 E
L= ol [=]
Zoof 1o £
£ =
X g0l 140 ;
% ha
220t 120 =

0 0

ERVR CSNi&H

LR T
(d) A[RIHET7 38 T CON AU 5y o 1 g™

K W oo AT

VT R
JazZDC, J o ZDIK,
g OS> >B6 >
12.V F04
azv) S <
" Ko
iy SO+ «
1.2V
80 e 9 >
sk iR

(2) Wik IZ PR IE 25 i Yy vy 3 3L 2™

5 ERABTXHMEREERRITRY

Fig. 5 Removal of contaminants using ion exchange resin coating



- 46 - e O B R A

55 38 B4 1 1]

Cl™ : SOT BE/R L @ik 20 1 A58 s 0 b ) ke
Bk, SOT /Cl e FR A B -t Bisf 1) 1.37 21)°F-
TrEsS 1 2,24 T A T 7 FEL R 1 A R 0T S A 0 1 3
PEVER TR ER (S, =2.2) . SUN FFfd i 1728
IR 25 3R g e P B 1SS B B U B T
T E s AR L, AT L S SO /Cl e £EEh2.4
RIS C1 R BE 340 100 A5 , WA 6 28 sk X A R 6 114
WEREPEIREAR R AE 1.9, 55— 2Ll FTAS IR $h 15 £
PERIAR BB A I, AR I AR i SOT fiff W i 72
AT ] [R] R

3 BRIESH

38 8 F AR LR SR R 1 T AT DU A BT |
PR I e PR BT, 7 ER R | R G
Iy e R SRR Y EK pH IR RE SRR E S
B4 W E 2 CDT B ik bk
3.1 FEmBE

Jita Jin ) R R R R M B R B S —
WA OLT B B 2% B2 A B TSt
TR e EEYE . 29 CDI AR HL e s ) e R a2
BRI AR AT B, G T T 5k

[ ASE AN 22 SR, R F R AT PR B A RS
A MR R G B bR ey 1 ik £k, filan
TSAI % 7E NOS 5 CL 1 BE £ 1 43 85 v i iF 5% &
B B K it fin L R 23 AR NOS I 3k (B 6
(a)), WANG %5 AL Z 4 (0D) sh AR
BRI B T Ca®/Na® 1Y 3% 5 M B it fin o & 79 A2
fBI ) ZERR W, R T B R BRACRAE
PEAE BRI Ca™ Wk FE N R FE & T Na®, AT %
I T K IR Ak T B VR BE Y L, B AR T X
Ca™ BYBEREME, WANG 25 FHE 1 o 21 26 Hh A A )
7 MCDI 7EAS [ it Jin o FE R % Cu® F1 Zn® 19
B TR, FE 0.4~0.6 V I, Cu® L Zn® T
RFH-E S A S, FE 0.8~ 1.2 VI, Zn® by W 4 BT
o AT RN A S T Cu/Cu,0 BB
B, T 30T H A AR TR DR FUHE fE Y S
VAL, NTAE Cu™ W B D . [RIRE GE 457
5% 5 F2 9 DS PEAs T POS B4 40 FH R o6 0 EL I
B 2Z D AR ECPE RS A ATTIA A 7 H R T v 1
TEOLT, F W B AT DL 2o My B BT R . S T
B8 PO A HLIZRE, ATt n T 3.0 V L
JE, [ 32 A, 3800 1 k2R SN

4l W CDI
W MCDI

L mCDI

w
T

NO; Lt
i8]

NOs g #EE

—
T

0
0.6 1.2 1.8 0.2

N AV
(a) 0 HEL % NO3 FICT 18 16 P05 s i)

L6F HCrO; Cror
5 Bt (Eaps)
1.0
&
@041 I (Epes)
& L
> Cr(OH)™
g -02}
R Cry04(s)
cr’
-0.8 Cr(s)
0 4 8 12

pH
(d) %W%{‘ﬁt%ﬂ"]E~pH|§]l“J

6 AEHZRESHX CDLEE M

16

ChegiCer
(b) HERHALAR A NOSFICTf I 8- b g

NO; i #H

0
2.0 0 20 40 o0 80 100 120
5 7] /min

(c) B ()% NO3 FICI PR 36 i bt 5 gy @)

Ne

n[Fe+e—Fc¢]

s il
> MH,0~ 50,

+2H"+2¢] ) g
= e
e
) —@§
)[Cr( VI
® (v ) Cr(1lD) Fc Fc'
(&) MR K2 ()3 448 S s 2 P

TR

Fig. 6 Effect of different operating parameters on CDI selectivity

SRR AL R T AT LSS B v i e
HAEAR AL RN XHEE AR ALY B 1 L BRACR (5 H

JEEHLTIEAR SR ) AT REAZ 2RI, 75 CDI 1, gE 4%
P 1 #5 EE W B 33 % ( Average Salt Adsorption



B BEAE AR R T EORAE R0 B T B L AP AR 4T

Rate , ASAR) 2 [AIfFFEAUAT
3.2 #RMER

HARE 15 56 4 2 TR B2 EL 1) T v o] LA 53
H AR o5 4 A B B4 H 3 PR AL A S ek, A R
THIR B F LB E W BT, TSAL S84 58 T A [
AIERAE S BN S CDL X NO; FIl L™ 0 g
MR AT B, e R e T LA R A 4
YER 2R . 78 L IF ] 90 4 NOS/CL A fin H He o
NO; (3556 14 Bl & 70 FL B 8] 119 228 K R0 4 NO S/
CI™ B I3 (& 6(b) () ) , RUIHE 5152
ek H W R 22 B AR I (52, WANG %6 DR
W B TR RN R AR R E , HARES
U BE B3I RT LG figk R B 5 | S P U B TS e
FCFR) R, AT 58 6 2 v e v B L A B o, B
S S W = O R i e 2 A
3.3 pH

F— NG AR R BN S ORI
WA Z Y pH, HEERE pH 19722 (b 230 55 12
PEBR B 10 A5 ™ AR SE ) 8] A0 ol R R R s R £
ZHU SF48 1 H, PO, W A i AR T HPO, , X
15 H,PO, tb HPOZ B2 5 B it 24 pH K
T 7 B, OH V& B 3G b & S 350 5 POy #3
T 4 o5 A W R A5, HE— 2RI POY A BE BRI I
FHtERE. [RIET, pH 928 16t v] B8 52 M i B 1Y) 14
RE , PRI oA 4 o 10 o - Vi B 1T RE S A il — SE oML L
e sl B il B ik 9 4R Ak, 2 TS A CDT ) BE B
PRI FHAERE . SU S5 i 78 S Bl IR YT pHL,
KA FE R B F CrOY #516 A TERE R K
B Cr 1 kRl B ARES T H R R AR A 5 T B
AR ES TR B (E 6(d) (e)) .
3.4 iRfERtE

TE—SETR GV VR A R B S R B R
A RBRE G AR B B A HE RS T & AR AR Ak, AN, A
5 R BT A AR RO S B, (A B s 7T e
BT B HUR, ZHAO SRS 3, 78 W B 30 T 4 sk
FHEL T Ca™ ,Na® 23 Bl {0 2 W B, 1FL B Jm 3% i
Ca™ B [ st e P Bt eV s ) f 348 o
Mg, 25 3 IEH R 2175 , I & 85 300 (1%
PEME(H ., MUBITA %548 C17 A NOS bt Wi 2 51 2%
WIS Horp, C1 1 5 Bk 22 1L Ha 1 W%
B 5 B NOSHUAC,

R BFGE 4 RS TSAL % & W0 45 R A
] ) HASSANVAND %5 T —F i B, Ik
B BIC S B F 5l o 2 R0 W P-4 A

YERGHERE® ) M BT RK AN,
OSSR iy, 3K 3501 W R B0 1) W BRI A K
>Na™>Ca™ , SR, — ELik 2 0% B FR 25, — 4
BT (Ca %) M T HE MG, vl ik —
BRI AN B (K \Na™ 4% ) . DONG
AR T LSS IS, Pl T Bk 5 1 T
PEILA (R AL ) B 25 G RE ) AR M UL T Ca® Al
Mg™ 7 Xt F BB O S W BfE, CHEN 453
BTSSRI AT R NOSEBUR Cl Ay R A 251 T
BT s Y AN MUBITA %6 W85 76 3%
AL B LT, NOS X C1™ BA JE 4 & 1 ik
PPk (2978 10) - HAX X NOj (56 55 F i £
T BPAEAE pe  RE  BfF a  rpth ELA E e ERE (FE
1.2 VAEFZh 6)'

4 HERERE

JUE I A AEA] CDIAH GRS U T I 2 1Y
R HERXT CDI 75 BE 51 43 25 v F O T i i 92
AEARR A A5 0], R A — Bt B AR
BB BH T & 5 TR SR 2 CDI S8 4l
PEFEME S B N, (EAF T R, CDL REE
AL ST ER KRR B 20, X R 2
HTE SR EN— 4, [FA, % CDI R4 AE
VEREE B A P RE P N E A B B X
B, IHh,CDI 7 H S 5 1 S5 56 56 ik 5 6]
WA FFRANIIE . LTy 1 A FRF LR R AT 5
A BhF 5 b i B CDT AR e M 0 2 Jr 1wl 1Y)
KIBENH .,

4.1 BRSEMBNFLZSET

IS BT A8 5 v A A L R REE AL ) X A
PORMEA TP RN LA SR & R FE AR o 1Y) O B, )
0, A SO K )T AR Al AR R A (4 PBAs i
LDHs) I T X HFE 85+ 19 o 35 N TE e . IR
i BT 33X S8 bR 25 R B Y B4 AL B, 4o
PBAs " R R AL S BAFAE , B 5 4
JETE LDHs W FH7 5 10 2 5 VE FH 4% KA B T3t
— LR A U MR R R 4R A
PE CDI RS0 W38 W o 3 el 90 R At FH 7/ s
PRI A JR/ SR Ak 70 AL B B 4 A 490 K SR ) B
P, DR B REA T ik, A X S
PR O, B E T CDI R4, HH T
PR A2 ORI (BB R4 47 ) AT RESS T FaL
TE pH B4 FNZE Ak ik A v A0 S AR P 1T 0 PR 5 3
B WIs gy, FEEA O By 2 4 R ALY gk



- 48 - e O

B A

55 38 B4 1 1]

WORL (T MnO, ) B FREEFEE

FEXTREA B K JRARAUA H S PEBERY TEMs FI
REWURIZE— P L s, v CDI
TR PEEREE, XA AR B TR B
LI R BEE R B R T, X TR ke
JBE AR AR P BE AR TR AE (DD RE AL ) B e B
JEE b X R RET DA SE A BH Uk S8 4 B - 1 R i, o H
b TR AL EAR P e Bt . o S e B A
Fr R B A B [N AR & — oA il S5 A (KK
AEAR R YIRS Al AR A fik B 4
BHEE /N, B FACH R AW (1EP) 155 1) ik B i
AL AT LAJE B e o 38 38, A7 B T e Y
TR, BeAh, B O R AR R, L BH AR =,
IR B FEL % =2 () 1 555 422 Aok B - ] 8 7 A )
AR R BRI IL, 75 BT e AR Rk BH
FK Y TEMs AR5

SEUATRL S R R B - B g ) 1 T
A B TEdE CDI SRtk s s s b5t . %12
FLaAT R, AT LUAR I B AR b ) %) 2% 1A | i 43
F B 7 2E O S R X TR 2 MR
(0 PBAs) , DFT #4514 B T AT e il i i ek 25
BROLE, sesb, i LS 2% S N TR e 7 ik 48
SRR E BRI G B AL CDL is 1724k
Z 528 CDI 1Y A st R AR & CDI B8
Ir B TERR A BGEAE
4.2 CDI BT REZEIEM

£ CDI £ 20 BAR DG i T AR, i 58 341
FERFRoKE 1 ERSE Th A T 3 B E AT B I & 5%
HELHRKIMZM T CDI R TAE, A
AU CDI A RIS A PLH, A58 CDI A AL X Ho ik
PEE B2 A B Tk CDI RGetke,
W B b F 3% B9 Flow —through CDI m0Kf
CDI 55 WU JEEAR A5 4B 0T LA 32 BRI AR 55 Hh 4 /N1
R SRS SR U Wik ) 1L L NEOR A 2E2p 1| A

1€ CDI BEREEPE 5 1, W98 A 13 0
R H 2T R A | SRR R R g
RCRE R EIE R, X CDI &G HEA T 4 1 PEAG X
HALr 2 OCH B, Sedfihim & e SO HAR
T HRERE TR BRI, 0 Z N H T
IR FEVER o B PERE . AR PRV TO i P A
S B G 5 B PR RE M O N TR bR . P IS
BELRA TG R PR W B 2 R R R R 2 [ Y
KR X =F Z BR R, [, 0T 0 B
TR IR ARG — , LIS 51 B

it L T I 25 R 2 3R T A A TR e (AR TG T
FURGZE ) i SR T P AR o R B i, X
— A E L A AR I PR A Y 5 T R
TEH SR 5% ~ 15% 2 1], IKAh, i CDI
REMRE R RCR M 2O E ) RIS B o B
P B AL BT /R R W e i, D0 Ak, A
CDI ZR G843 15 H 77 i 1% 2 138 o I HL 1 75 52 s oz
[ EEHE bR .

4.3 CDIEEMLSBHEAHRRE

H AT, AF5E A B F 2 CDI 7E AL 11k
BB BN Ak T ik — 20 R B ML E
TR o B . AR B R A s e B A
WIPERRAE , o] 38 2 v PR T DT H A B o 2R b
pH SCHE PRI 2 5 4. Ktk CDI YN 14
S P H A% 0 1Y 1l T 7K RN T BB 7K A 36 1) He
T Wt B mumi R,

LR, AT R AR 2B 58 T AR HAe AR %
PR HEAT, Bl FHBRUE K | H bR Gk 5 i
(R R 7Y % N I i P T € N N o S
TERRPE 25 B 1 i AR A Rk O £ T B8 T SR AR 7Y
(110 5 B2 pRBRAE ) | R4 7 WL 381 1 S 56 B 4
55 B 20— )2 1T B4 P R BIL B R A 1 S A 750 4
HREBHI AR Tk %) B Fek 3R T R0 [ A4 S5, e DA ASE
SNERISTS R S Ul N DRI vE e

A CDI B AR IEAE Gl & Ji8 | HoAE e 60 oy
R B AT A R v, T EAT A TR P AT
FARIPAL . HAND 483 WA 0, 2 / CDI 1Y
TR AT A K 34 58 L AE W 5T A3 S A R Y B 4
F117°0 S CDT HAR TP AR Y S & R 1)

5 B %

nes

CDI AR — g X B AR | B 70 B 45 U 15
BT 0 HCE Al B4 R A R AT DL R R
VERI RGN, s T £ vk B4R I 1 R i i
1. SRS T AL, CDI AT FE 5 RE R B AR RE
FERYZRAF T 5L BN FARTS YW i e fE ik 25 PR Ay
WEs TRt . ASCREE T AR 2B fL il
FORH MRS B AR RL) LB T e B i A
REWWRIZ WY PO £ L B ALE, OF e T
SYESTERE, IR T AR ERAE SO CDL £ 1k
BSHIRZIR 0T T CDI AE 16 61 0 85 S B i o
TET I 14 B8 A o AR SCIA DR 2R ok — BEIST ] Y, I A 3k
PR AL RS AR A CDT #BY 57 CDI
PP B LR MR AR JH I CDITE A Tk Y



B BEAE AR R T EORAE R0 B T B L AP AR

. 49 .

J2

, 72 CDI AR P AR 6

22 3L Hf ( References) :

—

1]

(2]

(4]

(5]

(6]

(8]

(9]

BIRAS, X2, A, ALK BRI [ 1],
Fig TR, 2018, 12(3) : 677-696.

HU Chengzhi, LIU Huijuan, QU Jiuhui. Research progress of
electrochemical technologies for treatment[ J ]. Chinese Journal
of Environmental Engineering, 2018, 12(3) . 677-696.

SUSS M E, PORADA S, SUN X, et al. Water desalination via
capacitive deionization; What is it and what can we expect from
it? [J]. Energy & Environmental Science, 2015, 8(8) : 2296
-2319.

FoE, sk, EXRE, SF RBIEN A FLAR 30 X R
S A B TR AR A [T ], PR TR,
2023,17(3) : 795-805.

WANG Liang, ZHANG Zijian, WANG Tianyu, et al. Effect of
pore size distribution of carbon black flow electrode on the desal-
ination of flow electrode capacitive deionization [ J]. Chinese
Journal of Environmental Engineering, 2023, 17 (3): 795
-805.

YANG S, CHOI J, YEO J G, et al. Flow—electrode capacitive
deionization using an aqueous electrolyte with a high salt con-
centration [ J]. Environmental Science & Technology, 2016, 50
(11): 5892-5899.

LEE J, KIM S, KIM C, et al. Hybrid capacitive deionization to
enhance the desalination performance of capacitive techniques
[J]. Energy & Environmental Science, 2014, 7(11) . 3683
-3689.

FEHVE, FriE, BEL . IMRAEAFRIBEER 2 IR Uiy i 2
EETHEORER T OB R IR [J]. IR LR,
2018, 12(8): 2141-2152.

WANG Kaijun, FANG Kuo, GONG Hui, et al. Review on re-
search of capacitive deionization technology in field of environ-
ment from low energy consumption desalination to resource re-
covery [ J]. Chinese Journal of Environmental Engineering,
2018, 12(8): 2141-2152.

B, B, XIPHH, 5 WA LB FHRARGR(Z) : W
HER[J]. HEETHE, 2016, 34(S1): 101-106 +137.
HUANG Kuan, TANG Hao, LIU Danyang, et al. A review of
capacitive deionization technology: Part 3. Impact factors[J].
Environmental Engineering, 2016, 34(S1): 101-106 +137.
HE C, MA J X, ZHANG C Y, et al. Short—circuited closed—
cycle operation of flow — electrode CDI for brackish water
softening [ J]. Environmental Science & Technology, 2018, 52
(16) : 9350-9360.

X, EWESy, Tk, S5 IS MENS R IR A B R B AR
REMAE R TS M [J]. 3B TR, 2022, 16
(3): 875-885.

LIU Jie, WANG Xiaoju, SHEN Ge, et al. Optimization of mem-
brane capacitive deionization performance of activated carbon
and carbon black mixed electrode[ J]. Chinese Journal of Envi-

ronmental Engineering, 2022, 16(3) ; 875-884.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

VAFAKHAH S, GUO L, SRIRAMULU D, et al. Efficient so-
dium—ion intercalation into the freestanding prussian blue/gra-
phene aerogel anode in a hybrid capacitive deionization system
[J]. ACS Applied Materials & Interfaces, 2019, 11(6):
5989-5998.

SRIMUK P, KAASIK F, KRiiNER B, et al. MXene as a novel
intercalation—type pseudocapacitive cathode and anode for ca-
pacitive deionization [ J]. Journal of Materials Chemistry A,
2016, 4(47) : 18265-18271.

ELIAD L, SALITRA G, SOFFER A, et al. Ion sieving effects
in the electrical double layer of porous carbon electrodes: Esti-
mating effective ion size in electrolytic solutions [ J]. Journal of
Physical Chemistry B, 2001, 105(29) : 6880-6887.

HAN L C, KARTHIKEYAN K G, ANDERSON M A, et al.
Exploring the impact of pore size distribution on the
performance of carbon electrodes for capacitive deionization
[J]. Journal of Colloid and Interface Science, 2014, 430: 93
-99.

ZHANG Y, REN P Y, WANG L, et al. Selectivity toward
heavier monovalent cations of carbon ultramicropores used for
capacitive deionization [ J]. Desalination, 2022, 542 116053.
CERON M R, AYDIN F, HAWKS S A, et al. Cation selecti-
vity in capacitive deionization: Elucidating the role of pore
size, electrode potential, and ion dehydration [ J]. ACS Ap-
plied Materials & Interfaces, 2020, 12 (38). 42644 -
42652.

ZAFRA M C, LAVELA P, MACIAS C, et al. Electrosorption
of environmental concerning anions on a highly porous carbon
aerogel [ J]. Journal of Electroanalytical Chemistry, 2013,
708 80-86.

SEO S J, JEON H, LEE J K, et al. Investigation on removal of
hardness ions by capacitive deionization ( CDI) for water sof-
tening applications [ J]. Water Research, 2010, 44(7) : 2267
-2275.

MOSSAD M, ZHANG W, ZOU L. Using capacitive deionisati-
on for inland brackish groundwater desalination in a remote lo-
cation [ J]. Desalination, 2013, 308: 154-160.

GAO Y, PAN L K, LI H B, et al. Electrosorption behavior of
cations with carbon nanotubes and carbon nanofibres composite
film electrodes [ J]. Thin Solid Films, 2009, 517(5) : 1616—
1619.

XING W L, LIANG J, TANG W W, et al. Perchlorate remov-
al from brackish water by capacitive deionization: Experimental
and theoretical investigations [ J]. Chemical Engineering Jour-
nal, 2019, 361 209-218.

SUNZM, L1 QZ, CHAI L Y, et al. Effect of the chemical
bond on the electrosorption and desorption of anions during ca-
pacitive deionization [ J]. Chemosphere, 2019, 229. 341 -
348.

OYARZUN D I, HEMMATIFAR A, PALKO J W, et al. lon
selectivity in capacitive deionization with functionalized elec-
trode: Theory and experimental validation [ J]. Water

Research X, 2018, 1. 100008.



- 50 - e O B R A

55 38 B4 1 1]

[23]

[24]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

CHEN X H, DENG W Y, MIAO L. W, et al. Selectivity ad-
sorption of sulfate by amino—modified activated carbon during
capacitive deionization [ J]. Environmental Technology, 2023,
44(10) : 1505-1517.

MIAO L W, DENG W Y, CHEN X H, et al. Selective adsorp-
tion of phosphate by carboxyl—modified activated carbon elec-
trodes for capacitive deionization [ J]. Water Science and
Technology, 2021, 84(7) . 1757-1773.

LIUPY, YANTT, ZHANG J P, et al. Separation and recov-
ery of heavy metal ions and salt ions from wastewater by 3D
graphene—based asymmetric electrodes via capacitive deioniza-
tion [ J]. Journal of Materials Chemistry A, 2017, 5(28) .
14748-14757.

JIQH, ANX Q, LIU HJ, et al. Electric double—layer effects
induce separation of aqueous metal ions [ J]. ACS Nano,
2015, 9(11) : 10922-10930.

DENG W Y, CHEN Y, WANG Z, et al. Regulation, quantifi-
cation and application of the effect of functional groups on
anion selectivity in capacitive deionization [ J]. Water Re-
search, 2022, 222 118927.

ZHANG H, WANG Q Y, ZHANG J, et al. Development of
novel ZnZr—COOH/CNT composite electrode for selectively re-
moving phosphate by capacitive deionization [ J]. Chemical
Engineering Journal, 2022, 439, 135527.

ZUO K C, HUANG X C, LIU X C, et al. A hybrid metal-or-
ganic framework—reduced graphene oxide nanomaterial for se-
lective removal of chromate from water in an electrochemical
process [ J]. Environmental Science & Technology, 2020, 54
(20) : 13322-13332.

SU X, HATTON T A. Redox—electrodes for selective electro-
chemical separations [ J]. Advances in Colloid and Interface
Science, 2017, 244. 6-20.

BAIZ Y, HUCZ, LIU HJ, et al. Selective adsorption of flu-
oride from drinking water using NiAl-layered metal oxide film
electrode [ J]. Journal of Colloid and Interface Science, 2019,
539. 146-151.

KIM S, YOON H, SHIN D, et al. Electrochemical selective
ion separation in capacitive deionization with sodium
manganese oxide [ J]. Journal of Colloid and Interface
Science, 2017, 506: 644-648.

KIM T, GORSKI C A, LOGAN B E. Ammonium removal from
domestic wastewater using selective battery electrodes [ J]. En-
vironmental Science & Technology Letters, 2018, 5(9) . 578
-583.

TSAI S W, CUONG D V, HOU C H. Selective capture of am-
monium ions from municipal wastewater treatment plant effluent
with a nickel hexacyanoferrate electrode [ J]. Water Research,
2022, 221. 118786.

JIANG P, SHAO H Z, CHEN L, et al. lon—selective copper
hexacyanoferrate with an open — framework structure enables
high—voltage aqueous mixed—ion batteries [ J]. Journal of Ma-
terials Chemistry A, 2017, 5(32) . 16740-16747.

SHI L, BIX Y, NEWCOMER E, et al. Co—precipitation syn-

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

thesis control for sodium ion adsorption capacity and cycle life
of copper hexacyanoferrate electrodes in battery electrode
deionization [ J ]. Chemical Engineering Journal, 2022,
435 135001.

HONG S P, YOON H, LEE J, et al. Selective phosphate re-
moval using layered double hydroxide/reduced graphene oxide
(LDH/rGO ) composite electrode in capacitive deionization
[J]. Journal of Colloid and Interface Science, 2020, 564 1-7.
BAO W Z, TANG X, GUO X, et al. Porous cryo - dried
MXene for efficient capacitive deionization[ J]. Joule, 2018,
2(4). 7718-787.

BYLES B W, HAYES OBERST B, POMERANTSEVA E. lon
removal performance, structural/compositional dynamics, and
electrochemical stability of layered manganese oxide electrodes
in hybrid capacitive deionization [ J]. ACS Applied Materials
& Interfaces, 2018, 10(38): 32313-32322.

SU X, KULIK H J, JAMISON T F, et al. Anion-selective
redox electrodes: Electrochemically mediated separation with
heterogeneous organometallic interfaces [ J]. Advanced Func-
tional Materials, 2016, 26(20) ; 3394-3404.

SU X, TAN K J, ELBERT ], et al. Asymmetric faradaic sys-
tems for selective electrochemical separations [ J]. Energy &
Environmental Science, 2017, 10(5) ; 1272-1283.

WANG Z D, MA Y, HAO X G, et al. Enhancement of heavy
metals removal efficiency from liquid wastes by using potential
—triggered proton self — exchange effects [ J]. Electrochimica
Acta, 2014, 130. 40-45.

LIY Q, DING Z B, LI J F, et al. Highly efficient and stable
desalination via novel hybrid capacitive deionization with redox—
active polyimide cathode [J]. Desalination, 2019, 469. 114098.
DINGZ B, XUXT, LI'Y Q, et al. Significantly improved sta-
bility of hybrid capacitive deionization using nickel hexacyano-
ferrate/reduced graphene oxide cathode at low voltage
operation [ J]. Desalination, 2019, 468. 114078.
ZORNITTA R L, RUOTOLO L A M. Simultaneous analysis of
electrosorption capacity and kinetics for CDI desalination using
different electrode configurations [ J]. Chemical Engineering
Journal, 2018, 332, 33-41.

FUOCO A, KHDHAYYER M R, ATTFIELD M P, et al. Syn-
thesis and transport properties of novel MOF/PIM - 1/MOF
sandwich membranes for gas separation [ J]. Membranes,
2017, 7(1): 7.

MORENO J, DiEZ V, SAAKES M, et al. Mitigation of the
effects of multivalent ion transport in reverse electrodialysis
[J]. Journal of Membrane Science, 2018, 550; 155-162.
RIJNAARTS T, REURINK D M, RADMANESH F, et al.
Layer—by—layer coatings on ion exchange membranes: Effect
of multilayer charge and hydration on monovalent ion selectivi-
ties [ J]. Journal of Membrane Science, 2019, 570. 513 -
521.

LUO T, ABDU S, WESSLING M. Selectivity of ion exchange
membranes: A review [ J]. Journal of Membrane Science,

2018, 555: 429-454.



B BEAE AR R T EORAE R0 B T B L AP AR

.51 -

[50]

[51]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

OMOSEBI A, GAO X, LANDON ], et al. Asymmetric elec-
trode configuration for enhanced membrane capacitive deioniza-
tion [J]. ACS Applied Materials & Interfaces, 2014, 6(15) ;
12640-12649.

SINGH K, SAHIN S, GAMAETHIRALALAGE J G, et al.
Simultaneous, monovalent ion selectivity with polyelectrolyte
multilayers and intercalation electrodes in capacitive deioniza-
tion [ J]. Chemical Engineering Journal, 2022, 432, 128329.
NNOROM N C, ROGERS T, JAIN A, et al. Sulfonated poly-
mer coating enhances selective removal of calcium in
membrane capacitive deionization [ J]. Journal of Membrane
Science, 2022, 662 120974.

KIM J, JAIN A, ZUO K C, et al. Removal of calcium ions
from water by selective electrosorption using target—ion specific
nanocomposite electrode [ J]. Water Research, 2019, 160
445-453.

YEO J H, CHOI J H. Enhancement of nitrate removal from a
solution of mixed nitrate, chloride and sulfate ions using a ni-
trate — selective carbon electrode [ J]. Desalination, 2013,
320; 10-16.

UZUN H I, DEBIK E. Economical approach to nitrate removal
via membrane capacitive deionization [ J]. Separation and Pur-
ification Technology, 2019, 209 776-781.

KIM Y J, CHOI J H. Selective removal of nitrate ion using a
novel composite carbon electrode in capacitive deionization
[J]. Water Research, 2012, 46(18) : 6033-6039.

KIM D I, GONZALES R R, DORJI P, et al. Efficient recove-
ry of nitrate from municipal wastewater via MCDI using anion—
exchange polymer coated electrode embedded with nitrate se-
lective resin [ J]. Desalination, 2020, 484 . 114425.

GAN L, WU Y F, SONG H O, et al. Selective removal of ni-
trate ion using a novel activated carbon composite carbon elec-
trode in capacitive deionization[ J]. Separation and Purification
Technology, 2019, 212, 728-736.

ZUO K C, KIM J, JAIN A, et al. Novel composite electrodes
for selective removal of sulfate by the capacitive deionization
process [ J]. Environmental Science & Technology, 2018, 52
(16) : 9486-9494.

SUN Z M, CHAI L Y, LIU M S, et al. Effect of the electron-
egativity on the electrosorption selectivity of anions during ca-
pacitive deionization [ J]. Chemosphere, 2018, 195. 282 -
290.

TSAI' S W, HACKL L, KUMAR A, et al. Exploring the elec-
trosorption selectivity of nitrate over chloride in capacitive
deionization ( CDI) and membrane capacitive deionization
(MCDI) [J]. Desalination, 2021, 497. 114764.

WANG L, LIN S H. Mechanism of selective ion removal in
membrane capacitive deionization for water softening [J]. En-
vironmental Science & Technology, 2019, 53 (10) . 5797 -
5804.

WANG C Y, CHEN L, LIU S S. Activated carbon fiber for ad-
sorption/electrodeposition of Cu(Il) and the recovery of Cu (0)

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

by controlling the applied voltage during membrane capacitive
deionization [ J]. Journal of Colloid and Interface Science,
2019, 548: 160-169.

GE Z, CHEN X, HUANG X, et al. Capacitive deionization for
nutrient recovery from wastewater with disinfection capability
[J]. Environmental Science—Water Research & Technology,
2018, 4(1): 33-39.

SU X, KUSHIMA A, HALLIDAY C, et al. Electrochemically
—mediated selective capture of heavy metal chromium and arse-
nic oxyanions from water [ J]. Nature Communications, 2018,
9: 4701.

ZHU E H, HONG X T, YE Z L, et al. Influence of various
experimental parameters on the capacitive removal of phosphate
from aqueous solutions using LDHs/AC composite electrodes
[J]. Separation and Purification Technology, 2019, 215 454
-462.

ZHAO R, VAN SOESTBERGEN M, RIJNAARTS H H M, et
al. Time — dependent ion selectivity in capacitive charging of
porous electrodes [ J]. Journal of Colloid and Interface
Science, 2012, 384 38-44.

MUBITA T M, DYKSTRA J E, BIESHEUVEL P M, et al. Se-
lective adsorption of nitrate over chloride in microporous
carbons [ J]. Water Research, 2019, 164. 114885.
HASSANVAND A, CHEN G Q, WEBLEY P A, et al. A com-
parison of multicomponent electrosorption in capacitive deion-
ization and membrane capacitive deionization [ J]. Water Re-
search, 2018, 131 100-109.

DONG Q Q, GUO X R, HUANG X K, et al. Selective remo-
val of lead ions through capacitive deionization; Role of ion—
exchange membrane [ J]. Chemical Engineering Journal,
2019, 361: 1535-1542.

CHEN Z L., ZHANG HT, WU C X, et al. A study of electro-
sorption selectivity of anions by activated carbon electrodes in
capacitive deionization [ J]. Desalination, 2015, 369. 46-50.
LUO K'Y, NIUQY, ZHU Y, et al. Desalination behavior and
performance of flow—electrode capacitive deionization under va-
rious operational modes [ J]. Chemical Engineering Journal,
2020, 389. 124051.

SHOCRON A N, GUYES E N, RIJNAARTS H H M, et al.
Electrochemical removal of amphoteric ions [ J]. Proceedings
of the National Academy of Sciences of the United States of
America, 2021, 118(40) ; e2108240118.

PATEL S K, PAN WY, SHIN Y U, et al. Electrosorption in-
tegrated with bipolar membrane water dissociation: A coupled
approach to chemical —free boron removal [ J]. Environmental
Science & Technology, 2023, 57(11) . 4578-4590.

HAND S, CUSICK R D. Emerging investigator series: Capaci-
tive deionization for selective removal of nitrate and
perchlorate ; Impacts of ion selectivity and operating constraints
on treatment costs [ J]. Environmental Science — Water

Research & Technology, 2020, 6(4) : 925-934.



