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Abstract

Arsenic pollution in groundwaters will affect groundwater applications for agricultural
irrigation and as drinking water sources. Effective remediation of arsenic pollution in
groundwaters deserves more attention. This study is devoted to develop emerging technology
of Flow-Electrode Capacitive Deionization (FCDI) system to remove arsenic pollution in

groundwater.

Four flow-electrode materials were examined in this study. Fe;O4/AC composite was found
to be the most promising flow-electrode material for the FCDI system to remove As.
Fe304/AC composite had 230-240 nm circular nanoparticles covered on AC, in which Fe;O4
remained cubic spinel structure with (311) crystalline phase. The adsorption-desorption
isothermal curve of Fe;O4/AC composite was Type IV-H4 and its specific surface area was
740.14 m?/g with mesopore to total pore volume ratio (Vmeso/Viot) of 77.7%. The specific
capacitance of Fe3O4/AC composite was 39.05 F/g at the scan rate of 1 mV/s.

5 wt% Fe304/AC composite as FCDI flow-electrode material, operating in SCC mode and
1.2 V, possessed the outstanding As Average Salt Removal Rate (ASRR: 1.5 x 107
mmol/min/cm?), good As/Na selectivity (0.9), higher charge efficiency (22.1%) and lower
energy consumption (22.43 kWh/mole). This finding suggested that the hydrothermal
synthesized Fe304/AC composite is the promising flow-electrode material for removal of As

in water.

Treating different levels of As solution with FCDI system indicated high level of As in
solution can result in better ASRR and lower energy consumption. When same molar
concentration of anions co-existed in the As solution, the existence of HCO3™ comparing to CI’
or SO4> had more negative impact on negatively charged arsenate ions (HAsO4*> and H2AsOx4
). FesO4/AC composite can be cleaned and reused in FCDI system, but more studies are

needed for multiple or long-term usage of reused Fe304/AC composite.
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P E A BB & 3 i3 % B U2 (reverse osmosis, RO){r 7 i 47 /% (electrodialysis,
ED) » H ¢ /%152 (b 7 W Rd® E kL B en86% o 1 E A SR E A L A R T B
e aFag s RO T i P RT78% 0 i :]‘.*‘uf‘ WRGRE D T o B A HE(49%) e A A B i
(51%) » ESZeni k& AT & ik- £ (M. A. Anderson et al., 2010) -

BE AR B A RO E A Bp e B AR 0 R A A BLPLAL R (R 0 A RPN
’ﬁ&"' S A %%i}-ﬁ-%,‘éﬂs‘f L?&é&n@d\ S -5 TR £ 3 ER
R LT Ef GRBEZRAFTRE #EARSA NP E LM #£E {RE L
’%ﬁﬁm’ﬂw’ﬂfﬁ~ﬁ:*14 Biez2 AEHE  HBEB{ALPTF 24

-+ $jt(Capacitive Deionization, CDI) & @ 2 o

3.2 % % 4 33 (CDI)
(1) 2% 4 #3 (CDDRE

TELHPICDHELT CEEE LSRR 28T > AP F AR HER

*> T & % (Electric Double Layer, EDL)3Z 3 (Johnson & Newman, 1971; Johnson et al.,

1970) - FFd e THAT TP BB YT AApF F DT RS E 0 TIEHS g

TR BRI EFNF LR 2TR PRI RGN T RE G DT EE  FR
3




Bk e ailefeis » L UApE DR (X F TR T RALBRE FGS F
ﬂ?ﬁﬁiﬁﬁ%’ﬁﬁﬁéﬁﬁiimﬁﬁﬁ’*?éﬂé%@ﬁﬂﬁiﬁﬂﬁ
(Figure 3.1) c 528 + » CDI s %'t f2 B &7 i en 2R ¢ 7 €84 § B RF (T
PAZZERFF ) ARENTCE R PEAGHS N LRIB TR HPET o

Charging or adsorption step

Electrode

Feed . . . Desalinated

e’ water

(brackish @ ® @ il

Electrode

Discharging or desorption step

Electrode

Feed
e" water
(brackish)

Electrode

Figure 3.1% % 2 33 (CDI) & 2 © = 2 s vt 42 & (Dykstra, 2018).




(2) @ %4 33 (CDD) k suz T
TAEH AR CDL ki Se2 o » L {2 e CDL R AR H AL A & # 14 %  (Oren, 2008):

LA 2 a3 FTR A BT RA A GHF I R EFARL NS ET %R

FA T R G T EE 2INF AT TSRS o

|

2. R(R)EAEEAM b F%ERT 0 pH BT REFIPN 0 G L A SRR

3. A3k %f?c‘ Beig g+ ﬁ%ﬁag‘; 3o E B> 2 W R BT RIS
BRI B TR S SR e TR R $ o

-~

THA AR FERPETAT UAEFERTRAG I RTAT A2 AL
A T AR T o T Ll

L REE TR

TRGHEA o

o
ﬁ

BE Mg Kad s av@id THRITTIEFR

6. LIF RN TRARKEFVRAFEERIFHFSET L 4T EAR
TR AT Fold i F SRR F AL RELE DT E o

8. F A 41 2 ¢ THERMF T LG > BAPT T RO F T o

\

0. % p A EEFH X MR HEF EHEI A 2 BERBR ALY

10. B 2 4 151 0 4 24 4 12 & (Biofouling) °

R T T S R R P I i e g
?’—"é‘ (I'—r—l 3)’15 ’#ﬁ* I:’J’Jd /{:‘;_IJ“T\"#‘&;Q" m;L%mﬁ%, ]Eﬁ’k md /F?'J‘r Kr\lﬁ,’ Tg}ﬁ

3 th ﬁﬁl e A 0 T s def@ B 3L R < J”]‘# A CDI L s 3 chE & 2w
AT HEERG > <3~ CDI A3 2 2itf d nmiii ¢ EiEldn

(activated carbon, ACs) (Biesheuvel, Zhao, Porada, & van der Wal, 2011; Kim & Choi,
2010) ~ & & #2%% (carbon aerogels, CAs) (Farmer, Fix, Mack, Pekala, & Poco, 1996; Suss et
al., 2012) ~ z 5k # ¥ (carbon nanotubes, CNTs) (Peng, Zhang, Shi, & Yan, 2012; D. Zhang et
al., 2012) ~ 4P| ¥ 34 JF B # (ordered mesoporous carbon, OMCs) (Zou, Li, Song, & Morris,
2008) ~ % & i (graphene) (Jia & Zou, 2012) % -




1 (ACs) 2 _% ﬁF(1960-197O4'1 R) B CDI HpspF Trqp g * cng ff AL » § o e
CDI 28 B w3 F 5T A NERRE LA FEAIPwF X 25002 ARk
Bt BEFTAALERY B L FHRF X3 0t £ o f(specific surface area,
SSA) > ¥ R ervE p vt £ 5 f 4 >71000-3500 m¥/g 0 £ F v A G fFEIE CDI § &
Mgt - EEARL DL BEEARE R CDI T F & "’T‘ v Ak F A
polyvinylidenefluoride (PVDF)#¢ polytetrafluoroethylene (PTFE) » &% & € > ¥ * 3t 3
Bt G F I ERETHE > A R E ST TR Ft > BB T RAEFA WS
3 Ve < g4 = CDI 2 o

1995 # B 4 Farmer & % i * g § 58" (CAs)i¥ 5 CDI T f&t#d > BETT 3 w3t B 5L
R TR 0 B FURE G Y b A G A GLF 5400-1100 mYg 0 ¥ § i 1700
m?/g) ~ % % ¥ &R (25-100 S/em)fr i< F E % AR (<0.1 g/mL) > H 3T & o} ¢ 3R
(mesopore: 2-50 nm)#= Fl » ® 5 g dp ¢ FL ST PR 0 L S TS BB
(Oren, 2008) ; & F #"} T f=cat B 5 A 27 & > Yang ¥ 4 ;ﬁc} A A ) SRR
H 5 A A T R 42 212 (C.-M. Yang, Choi, Na, Cho, & Cho, 2005) -

2000 B 42 0 d 20 2 KA H hE A > 2 K R (CNTs)» B4 »t CDI R4 > 2 F
BE ¥ A s HEEZ K B g (single-walled nanotube, SWNT) % % E=% 5t g ¢ (multi-walled
nanotube, MWNT) » +* % & # 4p ¥ (i F 2 100-400 m*/g) (W. Huang, Y. M. Zhang, S.
X. Bao, & S. X. Song, 2013) > # &R T F ] > L EHET BB RE T EE > P RS
B T o F I TP RREFAREEIRHT L R AR EATE R
> CDI 4 38 - Li % 4 # * SWNT 3 m#ﬁ%ﬂ‘ P N ERBER 523 mg/L BF o Bapan
=t 5 0.75 mg/g (Li et al, 2011) ; Dai % 4 :@8* MWNT 3 R f&H 4 > N2k B ER
%3000 mg/L pF » B ag et £ 5 1.7 mg/g (Dai, Shi, Fang, Zhang, & Yu, 2005) ; Wang %
AL CNT ez i % 2 (nanofibers) @ = T & 444l » >P i8R Bagk R 5 110 mg/L pF > B
et £ 5 3.3 mg/g (X. Z. Wang, Li, Chen, Huang, & Pan, 2006) -

HP] P TR A (OMCs) ¥ R eh & A58 = 2 30 7] > Ap OB ¢ 7 R
Rler | 3V 7] > VR4 B+ B chae 4 RR P IVFRH Y A ow 7}1(@' ¥ 5 750-1500
m%/g > £ ¥ F 3000 m¥/g) Mt B M et £ G ff 0 R FIUR AR BT AR
TR PR o BEARV LG fF E R 0 st 3t CDI e IR lﬁ»’“ V2
(Porada, Zhao, van der Wal, Presser, & Biesheuvel, 2013) ; #& Zou % A 77 3 @ &1 > L &
% % 844 m*/g  OMCs aj?_&; CDI i@ s B3tk £ 5 f#e g 9 ACs (950 mY/g) T
oo @ HdphatF < ] T3 nm F NS @%] VO E g end Kﬁc‘(Zou et al.,
2008) °

T & ' (graphene) & ¥ B chgy > 712 £ A)fo- Q2 D)3 By a = chigdf o 25
6




6 A% % 22630 m¥gc BHT HA S72 Slem v Fliet FaRhpIL s L B2 T3

e E%ﬁiiaﬁﬁﬁif BERIHE MU TEEF R ARTRELE DT FLER
ERCRABATERIL 0 JIPYE G B b SRR 2 5% 5 6 BT 3 CDL L i
#L (Aghigh et al., 2015; W. E. 1. Huang, Y. Zhang, S. Bao, & S. Song, 2013; Porada et al.,
2013) o

i TR T A 2 33 (Flow-Electrode Capacitive Deionization, FCDI)&_p = ﬁ,.%frﬁm
z 4 # 3 (Capacitive Deionization, CDI) % 3t » & "/T‘ 3 sl CDI - > TFHEER
BRI o T RE R RH T A ¢ (He, Ma, Zhang, Song, & Waite,
2018; Jeon et al., 2013; Jeon, Yeo, Yang, Choi, & Kim, 2014; Rommerskirchen, Linnartz,
Miiller, Willenberg, & Wessling, 2018; S. Yang et al., 2016) - CDI & 3 3 5 &% » & 35 @ ¢
Adpok P KT RS B RSB~ £ R T ﬂfr;@g_ =34 M. A
Anderson, A. L. Cudero, & J. J. E. A. Palma, 2010; Shiu et al., 2019; Xing et al., 2020) ; @ #-
CDI % %i® BEN TR % 5 nd N T 4.2 374 FCDI & sudks 2 % B2 & 32 1 (1)L
fo 42 i EE(pseudo) & LT S F £ ~QF E Kok ok AU 2(3)% B o K R B
(Doornbusch, Dykstra, Biesheuvel, & Suss, 2016; He et al., 2018; S. Yang et al., 2017; X.
Zhang, Yang, Ma, & Liang, 2019) -

FCDI P24 5 & *72013& & Jeon ¥ A7 7 BFpde 4 > #r3f eind s R4 0 T 5 R
ERIBPRE AR R > A THRMERIER > B 2 FCDI kie? > & 7T i&if
3 E B CDI ksd > MHIAFS UL TR o8 AR REER TR T RIEE
*+ FCDI % 5v¥ (Jeon et al., 2013) o Jeon ¥ A 2. 3 F =& F 7 : (1) FCDI ¥ * 3t g2 3
Bk A (1.1-35 g/L NaCl)svk i3 i 5 (2) FCDI i sii 7 2 & 4 38 (3) ‘—"Jﬁ;ﬁd H 4 it
i d ;N T ieEcE 0 FCDI i v 42 % e o U ?fn;":ﬁ;;"’ FE I AAFT R AR
BV A hsrhigir > TNV A R g g el CDI 4 72 & F & 7 87
Q&%ﬁ”‘?ﬁ;—ﬁ* v P ETREARR > F| P ETRE TR BT o

(2) TF 4 B3 HIRT 4 Rk B R

Py A3 FCDIg* * 4 f koo k’éﬁilbmﬁﬂ""?z\ » M 37 #-RF £] FCDI i # *t -
ToRE AL F AR Bl o A A 50 CDL f s spek d B endp BT R o Fan & 4

SWT T SRR T 3T CDI i LA “f k¢ 0.1-200 mg/L 7 As(Ill) ¢ As(V) » # % ¢
7




IR 5 e TR(0-1.2 V) A= 4 ik A& (0.1-200 mg/L) it H 4e As(V) = As(IIT) eh o7 2%
0 2 CDL kS As(V)ehd g e it As(ll) » *1.2 V4 iF 2R £0.2 mg/L 4= 4 As
EREET > As(V) & As(IIDenT s & 4 B 5 2.47x1072 mg/g ¥21.37x107? mg/g ; #
TER AU Ti e § T ELE 3 As(V) > #7120 i & 5 As(II) sk i3 %
P w ERE] As(V)ek R R ¢ RSk R Y 3 & NaCl 2 5 #45 F(NOM)
CDI s sep el 48 > 2% Bt CI'8 NOM ez g €3 3 3 s > @ H R As(V) &
As(IIT) 2 “,f »x % 7 % (Fan, Tseng, Li, & Hou, 2016) -

Zhang & A T 7 1% s Ha £ HFERK CDI st ih > # ok ? e 5 2(0.02-0.1
mg/L) > CDI & SeenT fE 4l 4r * 3 28 & chg vt & 5 (800 mY/g)i= 2a » F7 7 P e
A3 ovl St T B at80% 0 A A Kok P PR R KT # & WHO #%#(<0.01 mg/L) > 77 %
BlEA 4R )k & (0.02-0.1 mg/L) ~ pH (3-11)£2 NaCl & & (0.2-1 g/L) A4 3 v 2 5 eng 58
BEFRAKLEFELT > €3 L % HASOZ & AsO ehd f 7 jr chm i b s+ 35
foo Flob o AdRILIERT 0 CDI kAR nd B F T RF 2 CIHMRITE4S 5
A sy 0 i pH B PF { 5 & % (W. Zhang, Mossad, Yazdi, Zou, & Treatment, 2016) -

Cuong % A 12 & 1% MnO2 2 #68.9 # <h# st (Biochar, BC)% & MnOy»/BC 4§ & ##L
B g BAl iR F o SRR MR TR KD CDL ks gt e e TR
F5 A o w2 MnO2/BC 4f & HAliE g B 7 w4~ £ 1 As(IlD) 2 As(V) » & 7 #- As(Il)
FE b4 As(V) o ta:88eh CDI i stit— #H#p T k¢ h AS(V) T g = X % gl
PAFE B WS TR g s s 4 % ¥ TRk P g Mn?t s Mg?t s Na® > Clhe?
NO;7 (Cuong, Wu, Liou, & Hou, 2022) -

a4y

342 i e § L2 B/FRRRNFTRTIFIRT IR

AR A A e P BEERNE T RT FART AR AR T
Roopt kB2 AT EE R s 2R e § B R A e § T 2R L
B RAB O Y B F | R TR RS () A 7 L Blde Figure 3.2) 0k K
THE > PR MTRE20 V)T, ER SR AF I R P §E G REAY
thz MEpla BT ST REFI N P24 AR IS HI e § I 28
R fod HERER O APROTFLMTEHPEE RS EREREL  F e § 2
BTEH AR RG HRea P R B e 2 T e S R

Ao A B A d 2 - o

FAwF P MEERAE T RT A M R A RPN RE R d ]
M PERIBAETHFERIATT LR TUT LA RREISE Tk B

OREMEY s BT RARBAT TN AT R LT S 0 AT AR
8




LigpE R 02023110 TP T = 04:03
e

BUEORCRTER R ORES LR PR TR RTA SRR Y
ﬂ’ﬁﬁwiﬂiﬁaﬁﬁlﬁwmwﬁwﬁﬁﬂ’%ﬁ ARG uaand gox
B RAL FAART R E R L EHIT A T RES

Schematic of FCDI for As Remediation in Groundwater

As-rich grourdwater

Figure 3.2 i T 167 % 2 43 (FCDI) 4 S805 5 M 3 T k7 2, B




(E) FI * i BiEAR

41F L R H

LS D H4o Figure 4.1 #777 > 4 pABEEFERACE 2 4 e 5 I Z8(F ¥
%%ﬁ@ﬁéﬁmﬁrkwm@ﬁﬁwrﬁw’ﬁ¥uPC%%%Qﬁ@mm‘ﬁﬁ%m
F BHCB(SEM) ~ ' £ g i AT RBET)E R E v 7 Rt SRS~ & 0 ks
AR AR IVHA L A A E F 2Bt Mg $ R 3 R(SQUID) - £ iRl A
Fw F g e - H R R (CV)R R F g 1 (ES) £
RITAEH AT F e B TR R 2 f BT 5 4 45 5 Bop s Tk
2R o

Linds § B H R § 2
nano 1B (AC) ~ nano Fe3O4 ~ nano
AC Fe;04 nano Fe3;04/AC Fe;04/AC 3§ & 131

| | | 2B T EE L RSE 24
[ | [ I B~ v 0 fERIABEMX ,la.?;%frr
XRD SEM BET SQUID [ &44(XRD)~ ##H X7 3 B pcdh
| | ! (SEM) ~ +* 4 & ## & 47 R(BET) ~

|
Z ¥ L+ F HREOQUID)

Cv EIS 3nd THEAHE T 1 F L i
\—‘—‘ FRREZ(CVY)~ T Frefn
Flow Electrode Capacitive 7 (EIS)
Deionization system for As LB TR A AT AR
remediation BEin g Rh Tk

Figure .1/ # THB T 5 2 45 J B » WIS 5 M (As)H T K25 %
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&k B3k % 4o Table 4.1 ¥ Table 4.2%751 -

Table 4.1 7 5 ¢ * 2_i* 5 & 2. g &2 A 58
English name of Chinese name of .
_ , CAS NO. Manufacturers  Purity
chemicals chemicals
Activated charcoal L E® oy 7440440 SUPELCO -
Methyl Alcohol [T ii Y 107211 JT Baker 99 %
Ferric chloride % Y4B 7705080 SIGMA 98 %
MW
Polyethylene Glycol % ¢ = f% 25322683 SIGMA
10000
Sodium Acetate An-
Az fik 4 6131904 SIGMA -
hydrous
Iron (ILIIT) oxide T % L= 4 1317619 SIGMA 97 %

11




Table 4.2 77 5 @& % 2_ ik B & B ¥ 450

Experimental Chinese name of Model Manufacturers
equipment equipment

Electronic Balances @+ %L ATX224 SHIMADZU
Magnetic Stirrer BEEER SP131325Q Thermo
Centrifuge L NRANE CN-2200 Hsiang Tai
Ultrasonic Cleaners RELBRTH DC-400 Delta

pH / CON Meter Bk B /T R LAQUAF-70 HORIBA
Portable Multi Meter 7R RR HQ40D Hach
Circulator Oven TR0 RHD-602 Risen
Peristaltic Pump e R BT100-02 TNI
Electrochemical UL VA CopF CHI6273E CH Instruments
analyzer

X-ray Diffraction X b3 Yebt K D8 -Advance  Bruker

SEM e 3 % BB JSM-7800F JEOL
Specific Surface Area ‘% & ff 4 17 & ASAP2020M  Micromeritics
Analyzer (BET)

ICP-OES B EBE R frf; F & Agilent 5110  Agilent

5 ik

12




43nE N TR L WiTa g

D nd TR ER

EFFENFITHE R FERER CFEI N P BE kRS
S ﬁ‘ w0 AR RAE S o B EER ALY Supelco 49 7% g (activated
charcoal, AC) » /&4t 2 A A #1455 BET i3 > #4005 ff 5 946.13 mY/g > T 3534 /%

“O} 5634 nmo P VIV FREAE L 5 T1.6% 0 B P SR TE A ST R A LA
FREFHREE 2 NG TR > o5 € L3 g kovie ~ 38 #FE k> #
AR R G i oS 0 R TS SIS B (R S 3250 745 45 um) >

REVRIFL LT - F* 2K 5 i Z 4 HY Sigma-Aldrich 2 2 ¥ = ¥ ©* = 4

(Fe304, 97%) > & * BF T2 F 530 5 %) 7 Al o

EEEE S ERAEY 10Xy - ¥ ERr g

CZABSEERAT SR Y R B E R R EER LAY B S

Zke
FONBEBROEET R FELPREZI A e F P ZBE N3 K F 0 2B
S % ¥ el A (Zhan et al, 2011); & * 1 g & Pk -

EMA o F B> 2 %Y Zhan 2 3 2

S 3 g ROKFEEG  SARF A RTINS
51 2153 A 4TiE > A BRI E R 160°C 0 FFIEA ) PF L BB IR R REFE
e B 5 AR K 5°C/min 4o 2200°C 0 FARIELS R BE R A iE s kBF RR
IERER > MBI oRFRLFe S R2 D ARRS > B8 160°C SoR8 L TRE
ER ]

v Z 48/ 75 AR & MR (42T X Bl4e Figure 4.2) o

L

%c%75me:ﬁ§§c~1g§ iL48 ~ 1.76 g B e

| £

-\\*:\.

13



lg @i s r75mL e =g~ 1g4 1
# 176 g R - fF ~3g BoRFERA

1y

[ 4 R0 4 J

P2 be B B 4R 3 60°C 0 45 K HAS )

U

MR ERRE N KBEREY
2238 sk % 5°C/min 4e# 3 200°C » ¥ 58 15/ p

U

FLERB O MARIRFRIGL omE S AR
3+ » 1160°C %8| P

Figure4.2 2 ¥ = § * Z 48/ 4 & L & = 3 2
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44 R8s TEA L FEA

B TR 2 A G A By X kS A $7(XRD) ~ Fr 2T S R
(SEM)~ ' £ 3 AT RBEDNERE > 1 BT EHFL KIS HE 40 $c v 25
RAVBACL A m O ZARGEE ¥ $ 85 R(SQUID) - BRIE o §
ZHHE RS AP TERAE LT PR ERREZCV)ET R
Fo 47 (EIS) A 47 o

(1) X 552 3684 4 47 (XRD)

X 54 3854 2 17 (X-Ray Diffraction, XRD) 7 — #& 1P| & #8 44 42 45 M cnm 47 Bl > 3%
e g HESREE RS2 HRES EFR o A & * Bruker D8-Advance %
o™ XRD 2470 A 475 0 FABREZ DT @ Y BAHFE BREKASE R
A HERSFRARERILCPR YL > T EEF XRD A 47 o AR TRE LG
40 KV Hprit & 5004 “seco & B2 OV R B 55 ~80% e A 4715 Bk @ v
DIFFRAC.EVA 'V 3.0 8 i {7 #icdy & 47 o

(2) ¥4 3° T+ A& 4 17(SEM)

# ¥ T + B s (Scanning Electron Microscope, SEM) i — fa #2444 & 3| i e
Lo T AL ME I N s B e SEM ¥ KE-$ R+ 51085 1 300,000
2o H O]t F L B R F ST FRRE P REiht o] o Mﬂi O EF B FRE TS
2 et (JeoL JSM-7800F Prime) # .~ i€ 17 SEM & 47 » H 3%+ & 5 5 251 1,000,000% - F]
/»‘*frﬁ%_!zﬂ PR DEGRE S AT R AR R 20 0 TR R/ BN

RFT e Pl FRIFR S RS ETHTEAEE BT R L85
? i'iif?ln\’f‘r cHEE S AEBAETIRAE AR T ERRIETT EERE - F 2
W P - BERKNE 502200 A eng B B Rk B35 B R
FRFFFE LG cHEDP DARE R FIELEIPLTFDRA > F 1 A6 HE
20 FACAET T e
(3)BET 3“ = 4 & f 4 47

T I EE W LG AL FE Y &5 4 7 R(Micromeritics > 4] 5 ¢
ASAP2020M)A\ Fr o0 AT m R R S B T105°C W R RSO O E T T
0.5 torr» £ &= T105°C > T ¥ ER[simigd R~ v L afFE o HA4P i RIEHHM
Z AV AP R R e 0 - BGVF R T A S ()32 nm) ~ P 34 (2-50 nm) ~ B (R
50 nm) °
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(4) %R % 2 (CV)

HiET"HE 247 & CHI 6273E 2 = ;'\ T 4SBT AT T 2T P 247 o = &5\
& s w] A 3177 &(working electrode) ~ %3 & & (reference electrode) 2 ¥t 7 & (counter

electrode) » 4v Figure 4.3#771 o

Ja%k R % 2 (Cyclic Voltammetry , CV) 2 & it & ¢ § * copffd o vy > H 42 7
BATdeE R T B R g g & %'L’T'g/?‘a’ﬁ-%fpéxéﬁ'“"r@mg:/f°§b%§d
CVRESEETHHEFT  PdAAFETEFFZY QAT Fd fr ez T FE

(specific capacitance) > Bit M F F#HFfHE FPIE T T AT HE T B3 VR ARERLD
@ Fawd oo o FNFEEICRFEEEF a4 2> CV BV gk R MR e
FUrERRE -HIREFFFTA 2 2T EALLFORFRE

CV B - fi~ PRadih > X > 2 AFTNT o pFPEF kwadfly - 7 0
REEFR O CRRL O T I FRTBREF PRREROEE  BHRKRLZ
A ANARY R 2 AT A AN F RS R TR EROT 2 T T
P Hipd t BER AT EHFERRE R EAITRRBIED W hT A 2 ]
oo BT o T el GBI 5 Tk RZ BI(J. Wang, 2000)

BAKT ﬁ‘éﬁ% #liertpAFELlemxlem ¢ 4 » R RTRHPEUBREF 28 H
FTRAEMNEI A IRE 73 1 iFR 4R i * 4% 4T &(Ag/AgCI electrode) it 5 4~
R MY &5k (platmum wire) 1T 5 ¥ 7 f&

R 1 MNaCl3 % (5 2R PIFE - HpHAFLET2 B3 U2 FaffR 2 2%
o B FfHdE A% 51-510-50~100 mV/s > & By & F& 75 B jFH L R
FTAE S KL o Bcdp % @ 7 SigmaPlot 1254t e 7447 » X fEd 2B CV o

MT O E TRV TRE
fVZIdV
= Ty
C:wRja(Flp 10 Rik(A)
VithETEN) i RFTE)

m: REMETE (@) v FEEF (V)
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LR 2023411 7p T = 04:03

CH Instruments (o]

6273E

Electrolyte

Figure 4.3 = & T * £ £ ] & %5V L H
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45 m B TRT I BT 48

FCDI #-%.7% & Bl4- Figure 4.4%757 » A&7 3¢ 23§ 7 L anng wt e i
(4r Figure 4.4 (c)) » 3 # N 2 & (Tecmx 8cm) s FH 7 A+ - ind T fRerunig £ 233 »
R A02cem FEREE S6cm JREIER 5015 cm o 2%k e f 527.6 cm?
B T AR R Y nEs o kY PRSP ER 05 mm o A3 folE S R
AMI-7001 4= CMI-7000 ré}ﬁ R # % (Membranes International Inc.) » FCDI % $t#-4 %) 12
2 3B R (CC) (Figure 4.4 (a)) & &in 31 B 5 3 (SCC) (Figure 4.4 (b)) 745" ipl3# 2
$ KPR 2 3k o

mE T R SCC 5N T f iR E S TR YRR~ - R B
Wf;womp<fm0ﬁﬁﬁw% N TR RR A ST TS B F A
A A T75 mL s SERA A F V55 50 mL S SCC S ehig B kAR KRG E - F
ARG oA 2 REREEY Ak - MR EFRT G M
Mo W ¥ AT RFRE 0 P AAEITRIET ) 4 ICCH N HBIEL DT f A &RDT B4R
%ﬁ%k%ﬁﬁ?ﬁﬁﬂ’?%%ﬁﬁ%7%4ﬂ§£€ﬁ?ﬁﬁﬁ’%%M§ﬁ?
RRTHF R R TSGR ML R = > 5 R R I A J O e o
BB ZE R T HRE 2 FCDI k% > 14 CHI § 1“8 A 47 R42 & 4 5972 eh g B »
XA T Rl c NIk BREXRET A B REARY FXET AT E pH
o RFETRETARZ pH 1 0 I AP EFE R RS0 2 BT
{4 » L #67i2 ICP-OES A 47k 7 #h ik & e iv o

3%%%%&%7W%E*%“’ﬁ?ﬁ%&éw‘mOd%n@l’ﬁ%W$ﬁ
e R Rk ST B e TRBRIEL2 1620 Vo TNk A i ok (T
JBR o

5O ABIE AT £ HALE A T LS SRR Rt Y (5 R RS R & H
VIR N S - ] ’F FEBIECES o R i@ 3 FCDI ki kb T3 # “ﬁ'—‘ QN rird

FCDIA= 5 ¥ i % St 5 258 5 i 4o

® BT ASHT L kocF Removal efficiency (%)= 52 x100%
Co: The initial concentration or condutivity in the feedwater (mg/L or mS/cm)

Ce.: The final concentration or condutivity in the feedwater (mg/L or mS/cm)
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(Co—Ce)foe

® 3 =& Electrosorption capacity (mg/g)= "
fe

Mt.: The mass of the flow-electrode (g)

Vrte: Flow-electrode solution volume (L)

(Co—Ce)fow

® Average salt removal rate (ASRR) (mmol/min/cm?)= M AefixT

Acsr: The effective contact area (cm?)
Viw: Feedwater solution volume (L)

T: Time (sec)

ZXFXV gy x(Co—Ce)

" x 1073 x 100%
MW [, Idt

® Charge efficiency (%)=

z: The charge number of a single ion

F: The Faraday constant (96485 C/mol)
Viw: Feedwater solution volume (L)

MW: The molecular weight of salt (g/mol)

I: current (A)

T
Ux [, Idt
(Co—Ce)xVf,, xMWx0.001

® Energy consumption (kWh/mole)=

U: Potential (V)

v 1 .. ASRR
® As/NaifE# i+  Selectivity B = ﬁ
Na
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(1) B a3k
1 ity FHEL04H

AETEY BN TR 8 EEAAC) S B EME FeOss k# 2 S
FesO4 ~ FesO4/AC 4F & HH > 13457 I3 (T30 (SCC & ICOERFEF 7 b i d ;4 T
Bk SCCHVERE - b 7 il » ICC HN R 3 f - B (AC) 175 41
W5 2 R TIEIE 0 PEAER R R TR LR RS 2 R R
L R Pk R LT A

Fbo A0 it S TR L I F g 7] ¢ 10 XRD ~ SEM ~ BET ¥ % %
TR AR L A B L -

inds 8 AR A2 XRD A 47 Bl (Figure 5.1.1) > 3 * 0.04%/sec «hif 4 i 5 > 4 #
Bl % 20 = 5°~80° o {3 JCPDS Bl 44 15 » Bgm AATF @ 275 £ T 2 Fes04 22 3
Sd f Fok# S %2 FesOs #7143 JCPDS No. 19-0629 B34 % — % » & 20 =30.1° ~
35.5° 2 43.1° ~ 53.4° + 56.9° « 62.4°F P AF e - B & fa & A 5] 5 (220) ~ (311) ~
(400) ~ (422) ~ (S11) ~ (440) » 5 = % =% & 7 (spinel) 3 & B 4§ + % fedp ## (Zhan et al,
2011) - 78 i?ﬁ-l"—’»/rk_ﬁi PR TS A J'Jf# » 3+ 10-20°2 40- 500%%])“ SR e
22 2 3 FesOq4f & 18 22 FesOs/AC 48 & #4420 R 20 = 36.3° R GBIt > Bgor 2 K
Fe;O4 FEF B2 5 14 mli4g & » 1 F]123 X FesO4 0t 5|72 B 0 #23 F FesOs 2 Fifc'd ¥ % &
o 20=30.1°8 7 Gl & a .

b AT HERMAR L &% AT 2 SEM BER 0 B LT 2 5 ek (Figure 5.1.2) 5 7 &
RIS 2 R > B PR S x5 A1 5 B ERMEE 2 % o FesOs(Figure 5.1.3)
Pl 5 IR BE > 2 F FesOs %g?pr_‘ S AP A FEAL L KA FIAAY 5 386-497
nm > §io] FlA53E45 5 115-157 nm > @ 5d EDS A 47 % 8w FIHRI g 24 1
$ > Fe 2= 1k 362At% > O 2= ik 63.8 At% ; 5% % p 7 k# & X2 % 3§ Fe;04 (Figure
S1ATRBEI A (kB E S 2 34 FeasOur PIHALR L H - 2 AR |4 G355
ok FA53E 45 5 4813 nm > ) F1A53E 4.5 5 1263 nm > 5d EDS 4 +7 % & 7 Fl3k
JRBERFE R L4 F Y4 o Fe 2 1k 377 At% > O ‘2= ik 62.3 At% ; FesO4/AC 4§ & L
(Figure 5.1.5)R] £_4 230-240 nm [F]75 2 ¥ 4B 3E 415 % 75 a4 » FesO4/AC 48 & L 2
2 K 4BsER L) 13593 > d EDS A58 % B Fes04/AC 4F & H42d C (69.1 At%) - Fe
(11.6 At%)Fr O (19.4 At%) e = » 3 F 2 F FesOsrd = # &5 HpAE & » 4 & Fe;04/AC
A E e
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B AC 2 AR FEIFEA G T BEF F 2 E R R4 (Figure 5.1.6) ¢ &
BHREH L F ok C F 8 & ¢ (International Union of Pure and Applied Chemistry,
IUPAC) #7377 ZenE B WM il Sen fAspd| e » g ¢ 97id # g Mk 3t Type 1V 2
¥ § #Eesusrtd s (Donohue & Aranovich, 1998) o @ 3 (mesopores). H2 #4 » § 4p ¥t
B AL pE S BRI Type I Api » &5 H A S B RBRH AP §42 L wib i
I % (capillary condensation) » 3R st £ 3 4r > frd @ FFAI AP o 4 B AR K T ek
HER G > FRRMHES 4 kR TR ko F P RS EFR G
(Hysteresis) » &7 deh & F Sk 2. B pi i ? 34 ik % o

B EME 2 3 F FesO4 (Figure 5.1.7 (a))£2 p {7-k# & = 2. 2 i FesOq4(Figure 5.1.7 (b))
PSRRI R R 0 PR Type IV 2§ F 5% ‘-’IJR“ITF"' Ao B B AR
§_H4#%g 3] » £.4 4% K (plate-like)d+ & 5 b+ 4p 7 i B 2 & 23 (slit-shaped)3‘ i #7i

‘d\; o

% F Fes042r AC 4f £ 16 > FesO4/AC 4F & HHFLenE § X %' S (Figure 5.1.8)2 AC
gy LB Type IV 2§ F éﬁiﬁ’_vzww R EFE Ak B HASEA 0 AC 22 2
FesOuf & 16 > F W' B8 AC H 4e o § Mow JE & 54 TR 2 IR S B fd 8- A2
o i (Figure 5.1.9) » 7 124 3§ A @ﬂ d X} &B % FesOJAC > AC > nano
Fe304 > commercial Fe3sO4 > %57 3 F Fes0422 AC A4 & (&7 H 4 3V 1A o

E R E R AR 2 3 dk(Table 5.1.1)F d § § S singd Sy 4o @ ?q"-’?i
% % FesOs 2 BET 4 & ## b | (2.43 m¥g) » 53% F #0755 0.020 emd/g » T $93 =
%3305 nm; REEEP TOR#E F2 5 F FesOs2 BET ' 4 & #(15.85 m¥/g) >+ féﬁ *
FEE 2 8 FesOq o 33V F 884 5 0.082 cm'/g > T 3534 % Plges £pF 2 F FesOsr)
(20.69 nm) : AC 2 BET ** % & f4 5 756.68 m%/g » f.3% jF Mﬁ %0.59 cm’/g » #c3t (micro)
WA 5021 cm’/g > @ 3 (meso)tE## 5 0.38 cm’/g > T35V e 4 ) 5312 nm; § AC £ 3
% FesOuif & 1 » BET W 4 6 4§94 % 5740.14 m¥g > @ 55,3 % WA I & 3 3 0.699
cm’/g > #c3' (micro)# # T "% 5 0.156 cm3/g » {2 @ 53U (meso)®¥ A% 3 4r 5 0.543 cm’/g > T35
LR s P P 5378 nm e 2 o FesO422 ACAF & 0 8278 % F FesOs¥ e [ AC 3R A ch3t
oA A G AT R 0 2 FesOsfds R AC ch2 87 B e ot
TR 18% > P E 1 ¢ S HFH43% -

dILEIAE 2 L B3 CDI i s PR E R A o P LI kAR S o T ORLET A
%%."X B A Pt T Vineso/ Vi 258 0 T 3% 4% £ 4% 3 (Yeh, Hsi, Li, & Hou, 2015; Zou
et al. 2008) o RFTL R Y 2w R E TR 0 P T BRI R (Vineso/ Vio) F A HE

50% ; S F’i—%‘ = Fes0s2- Vmeso/Viot #85.0% ° F % 3 p 7-k# & 2 2 X FesOs2
Vmeso/Vtot I % 5963% ° R4 AC 2 Vieso/ Vit & 64.4% > FesO4/AC 4 & #1422 Vineso/ Vot
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PIEF 5277.7% ° 2 F FesOsz 3k <1 % [ B 45 & bl B g ™ > g _E;/_zg_g FesO4/AC 4f &
PRV Zod RS a I T el 0 HOTES A5 6 MF R BT FesOJAC 47 £
At S ARSI T B EA NS 4 FaOuif & a0t bl » A 46 2 3
Tk A B 0 BB B E f FesOs0 THRE P IIVE AL 0 2L FAFL AR

o AKRTR Y ST U N ehz F FesOs8r AC 3 &1L ] o

SHm§ O ZsebE L B RS T ROQUID)E RIS Hm § 2 L &
frgé it & (saturation magnetization, Ms) » & = &tk & g o S (Figure 5.1.10) > 7 ¥ #
7K FesOq tnffepa it AR 5 955 emuw/g % % p Wz A FesOsnbr{rma i & 5
83.5 emu/g * % F Fes042 AC4f & {& > Fes04/AC e frrz it 5% B P & "% M 1 4.8 emu/g »
iR E TS FesOJAC ¥ 2 3 FesOuind 7 % » & FesOJ/AC 77 sdhira sl » % 7
Fe;04A £ 5 — TALR chEald | = fifk i 4 (coercivity, Ho)'d 52 % > 27 &% AF
¥% 2 F FesO4~ p 7 & & 2 FesOust #_ FesO4/AC 4F & HH > % & 3 £
(superparamagnetic) e

g JCPDS file No. 19-0629
s | — =
o o : o
o~ 3 — =
~ % N v N
|8 | T | commercial Fe;O,
nano Fe;0,
T Fe,0,/AC
10 20 30 40 50 60 70 80
2 Theta

Figure 5.1.1 ;i # 38 24641 (7F £PEF FesOus~ -k#4 £ & FesOs ~ FesO4/AC 4 & H4L
AC)z XRD & 1 5 44 4
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Mag= 500X

10 pm* EHT = 1.00 kv Eignal A = InLens Date :14 Nov 2022 EHT= 1.00kV Signal A = InLens Date :14 Nov 2022
WD = 6.8mm Noise Reduction = Line Avg  Time 52 I — WD = 68 mm Noise Reduction = Line Avg 17:18:58
q B ] q

Mag= 100KX Mag= 100KX
10 pme EHT = 1. Signal A = InLens Date :14 Nov 2022 10 EHT = 1.00 kv Signal A = InLens Date 114 Nov 2022 m
Noise Reduction = Line Avg  Time 117:21:03 — WD = 68 mm Noise Reduction = Line Avg  Time 17:08:08

Figure 5.1.2 /& 128 (AC)2 SEM # & 3] &
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L BpERF 202311 Tp T = 04:03

Mag= 100 KX
10 p

Mag= 5.00KX
EHT = B.00KV Signal A = InLens Date :14 Nov 2022 1 pm* EHT = 600KV Signal A = InLens Date :14 Nov 2022
WD = 58 mm Noise Reduction = Line Avg  Time :17:42:22 — WD = 58 mm Noise Reduction = Line Avg  Time 17:41:26

Mag= 10.00 KX
1 pm*

Mag= 30.00KX
EHT = 8.00kV Signal A = InLens Date 14 Nov 2022 200 nm* EHT = 600KV Signal A = InLens Date :14 Nov 2022 ﬁ
WD = 5.8 mm Noise Reduction = Line Avg Time :17:40:18 |_| WD = 5.8 mm Noise Reduction = Line Avg Time :17:38:12

-

Mag= 30.00KX
200 Am”® EHT = 6.00 kv Signal A = InLens Date :14 Nov 2022 H
WD = 58mm Noise Reduction = Line Avg  Time :17:44:12

O: 63.8 At%
Fe: 36.2 At%

Figure 5.1.3 % ¥ H-§ Fe;042 SEM % & 3 i (a) 1 KX, (b) 5 KX, (c) 10 KX, (d) 30 KX, (e)
$Ede© < B8 30 KX, () 374 ¢ + £ ] 30 KX, (g) EDX.
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Mag= 1.00 KX Mag= .00 KX
10 pm* EHT =10.00 kv Signal A = InLens Date :14 Nov 2022 1 pm” EHT = 10.00 kv Signal A = InLens Date :14 Now 2022 ﬁ
WD = 5.6 mm Noise Reduction = Line Avg  Time 11 8:08:07 WD = 5.6 mm Moise Reduction = Line Avg  Time :18:07:27

Mag= 10.00KX Mag= 30.00KX
1 pm*® EHT =10.00 kv Signal A = InLens Date :14 Nov 2022 200 nm* EHT = 10.00 kv Signal A= InLens Date :14 Now 2022 ﬁ
VWD = 5.6 mm Noise Reduction = Line Avg Time :18:06:41 WD = 5.6 mm Noise Reduction = Line Avg Time :18:04:46

0: 62.3 At%
Fe: 37.7 At%

Mag= 30.00 KX
200 nm* EHT =10.00 kV Signal A = InLens Date 14 MNov 2022
WD = 56mm Noise Reduction = Line Avg Time :18:04:46

Figure 5.1.4 § 5% % p 7-k#1 & 2 2. Fes042 SEM % & 3] & (a) 1 KX, (b) 5 KX, (c) 10 KX,
(d) 30 KX, (e) #g 4= <1 £ 7 30 KX, () EDX.
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b pER 20234110 TP T 04:03

Mag= 10.00KX
Signal A = InLens Date 114 Now 2022 ﬁ

1pm® EHT =10.00 kv
— WD = 5.3 mm MNoise Reduction = Line Avg

Time :18:25:59

Date 14 Nov 2022

EHT = 10.00 kv Signal A = InLens
Time :18:18:24

Mag= 1.00KX
Noise Reduction = Line Aug

10 p
WD = 5.3 mm

Mag= 30.00KX
Signal A = InLens Date :14 Now 2022 ﬁ
Time :18:45:35

200 EHT = 600KV
WD = 54 mm Moise Reduction = Line Avg

EHT = 10.00 kv Signal A = InLens Date :14 Nov 2022
Time :18:33:22

Mag= 10.00KX
WD = 5.3 mm Noise Reduction = Line Avg

1 pm*

C: 69.1 At%
0: 19.4 At%
Fe: 11.6 At%

Date :14 Nov 2022

Mag= 3000KX
Time :18:48:18

200 nm*

EHT = 6.00 kv Signal A = InLens
Noise Reduction = Line Avg

WD = 54mm

Figure 5.1.5 -k # & = 2. % 3 Fe3s04/AC 47 & #3412 SEM # & 3] i (a) 1 KX, (b) 5 KX, (c)

10 KX, (d) 30 KX, () 354 < £ i#] 30 KX, (f) EDX.
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Quantity Adsorbed (cm?/g STP)
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Figure 5.1.6 7+ 12 (AC)2. § # F F b 4
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Quantity Adsorbed (cm?/g STP)

——Adsorption

——Desorption

400

350

300

250

200

150

100 -

0 . ' '
0 0.2 0.4 0.6 0.8
Relative Pressure (p/p°)

Figure 5.1.8 % ¥ Fes04/ AC4F & #1412 § § F E v 4
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450 -

350 -

250 -

150

Quantity Adsorbed (cm3/g STP)

50 ;

—-Fe304/AC-Adsorption
--Fe304/AC-Desorption
commercial Fe304-Adsorption
commercial Fe304-Desorption
——nano Fe304-Adsorption
—-nano Fe304-Desorption
——AC-Adsorption
-~ AC-Desorption

=

Figure 5.1.9 7 £ 5% 2 Fe3O4 C B Fok#E & A3 F FesOs AC -

B F %

0.2 04 0.6 0.8
Relative Pressure (p/p°)

BGR AE S R

32

% 5 FesOu AC #F




Table 5.1.1 = &5 6 7 7 w4 2 34 F $A 14

Average
. SBETa Smicrob \/totc \/microd \/mesoe Vmeso/ Vtot .
Material 5 pore diameter
(m’/g) (m%g) (cmg) (em’/g)  (cm’/g) (%)
(nm)
commercial
2.43 6.43 0.020 0.003 0.017 85.0 33.05
Fe;04
nano Fe;Os  15.85 4.75 0.082 0.003 0.079 96.3 20.69
AC 756.68 405.79 0.59 0.21 0.38 64.4 3.12
Fe3s04/AC  740.14 30493  0.699 0.156 0.543 77.7 3.78
a : BET Surface Area.
b : t-Plot Micropore Area.
c : Total pore volume.
d : t-Plot Micropore volume.

e : t-Plot Mesopore volume.
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52nd TP T EREL 4T

gn@—ﬁﬁfﬁﬁﬁﬁﬁ%\%W§%ﬁ’F”ﬁ%Wmlﬁm 3R AR AR
"1 5% R % % (Cyclic voltammetry, CV) £ R[4 2. & - B ¥4 o

EHA(AC)T 5501 MNaCl 3 7% ™ » % dfds B 5-0430.6 Vo it & & ] 5
1~5~10~50~100 mV/s i& 5 #53k R% »47(CV) « & Figure 5.2.1 L2 I7E a2 CV
Bl 842 > CV B2 4RiT487) » £ - U T F 2 e s SRy & (50~
100 mV/s)# x5 HRF P BRE > 273 28%F B2 > L AFRES ?*Tflﬂ*
(1+5~10mV/s) » BI7 BEF &-0.1~-02 VR § — B 7 0 AR RE - 87 0 st
R EF AR F R FRA TR P EF BN EC+H,0+ e > C—H+O0H
(Zhang et al., 2018) o **3dF i F 515 ~10~50~ 100 mV/s P& » B iz Wb 7 7% B A B
550.69 ~ 42,99 ~ 37.81 ~2586% 1888 F/g» V BLERF"E ¥ FhE FH4H» T FELER
TR E'ﬁf@%“ v i d YT AT RA G FICOERRE BRI EROFFE T RN
BERE @R FEER S APF G FRHREEFFRE BTG gnF BFR

Flp R RF AT F R

FPEMEAFHR T 7k# &2 34 FesOs2 CV BA5(Figure 5.2.2 ~ Figure 5.2.3)
BEITEET AFREFREF (1510 mV/s) » ¥ %D 4-0.1~ -0.2 V F£0.5~0.6
V #ERIP G A7 PR '“zf\'}f%!“‘é ' B 2 F FesOsag #2238 5% F @E?F%}*%?
% (pseudo-capacitance) » 2RI {F 2 TR B Bl 0 AT E S E D2 T R BB E R
At bR S BEMY 2 2 FsO X 515 ~ 1050100 mV/s B > v 3
iAW ET704~579~468~279%2211 F/g> a@5%ZEp 7-k# b 222 F Fes04t 7
T FE LY 2 2 K FesOso v % % &4 ] 51034894~ 7.68~531% 431
Flgr %3 p kL322 F FasOu TR BAMBFHRTF] 7 £F 5 p 7-k#
£ 222 3 FesOBF i~ [ 353 > pyss v 5 i) o

kA s 2202 K FesO4/AC 4§ & 42 CV B35 (Figure 5.2.4)22 AC 2. CV B34
0o RREZTNRRRKRACZ RN BAE ] 0 A7 3k FesO42 ACAF &1 > g3 T
FRATHE T A TG 2 F FesOsg Lkt a AC iV F Bi > HRW T F 2 p " o
B2 R 2 F FesOs g ?/*Jc‘”’uv\ FEET A 0 R K Fe304?1§’%ﬁ”}$ E = LI - ol P
iz ..w’]‘#.]‘f'_ Prig e f ool 2K FC304/AC MEHK W FRFEFE1-510~
50 ~ 100 mV/s pF > v F % B A %] 539.05~33.62 ~29.98 ~ 19.81% 13.75 F/g » P & 43t
AC 2w 2 218 o BRI v mE&BmFh#E F (1 mV/S)EF » FesOs/AC 45 & 4130
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0.1~-02 VEFz2ZBRh%E @ ACR ¥ » %&ﬁ“{fﬁ AC APz 5 F Rt > 2 3 FesOupx
P ETRRRET R R -

FWFREF Al mV/sFoo bR A de T iRz CV BlA(Figure 5.2.5) @ # 14 f%

PRGN HEEMESTRT P FAEESZLZH FesOsr CVRIZ o 1 P &) 30 AC 20K
# L A2 %2 FesOs/ACAE & 34 5 5 d v 7 % @3 5 (Figure 5.2.6 £7 Table 5.2.1) » »* 4%
BEF51-5 10250100 mV/s f¥ » - F 5 B8 T BRI A T 4 0 0
TEAEERT i > W HKEFI mV/sF o T 3 EF/Qd AT HVERE > RE

AC (50.69) > Fe3s04/AC (39.05) > nano Fe3O4 (10.34) > commercial Fe3O4 (7.04) -

T 1Y B pefuip 3% & 7 (Electrochemical Impedance Spectroscopy, EIS)* £ Bl p (7 & =

z_ nano Fe304# FesO4/AC 2. 7 f7 FEdi~ -] (Figure 5.2.7) » d Z-view # 88 & 42 i fiz (curve

fitting) » B T i E S FEFUR) A Y 5 1.8%10% Q (nano Fez04)¥27.9%10° Q (Fes04/AC) »

#. 77 nano Fe3;04¥ AC 4§ £ 18 » ¥ 12 Fes04/ACAF & 2 7 i # 1EFu(Re) b F "8 1% »
AR A AR T G 2 @ﬁ%} °

36



Current density (A/g)

3 -
2 -
1 -
/ /
0 1 // /I 2z
// —100 mV/s
1
50 mV/s
-2 —10 mV/s
-3 4 SmV/s
—1 mV/s
-4 T T T T T T
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Figure 5.2.1 /& 1A (AC)>" % F # 45 i 5 2 V%R k% F]
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Current density (A/g)
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0.3 -
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Figure 5.2.2 7 ¥M-¥ 3 & Fe:043° 7 e i 52 R K< B
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Table 5.2.1 = f&/5 % ;% T &=+ F(F
z ;5 FesO4/AC er é‘. *j;}i 4 P\—"%"%J}E

PR

2 K FesOs~ p (7-k# & 2 2 F Fes04 ~ AC ~

IR RE

|
|
100

Scan rate (mV/s) 1 5 10 50 100
Commercial FesOs 7.04 5.79 4.68 2.79 211
nano Fes04 10.34 8.94 7.68 531 4.31
AC 50.69 42.99 37.81 25.86 18.88
FesO4/AC 39.05 33.62 29.98 19.81 13.75
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53172 F NaClLkREHAFFTRTZIHF 450

B A7 F NaCl k&2 1‘?“ SN T HRT A2 B k (FCDI) » /232 FCDI Lk 33t H b
NaCl "ki3 i ® » K3k f v a8 7 > 2 (SRR 5 3 M oty T -k-kHE 5 Rl 2 NaCl kR
FE51-1020~30~35¢g/L> #27 110 g/L n\%sr#aiiiﬁin"kmi}afi%@ » ™ 35 g/l B8 ficd
jkiER D FCDL s e (PR 512 Vo F%ERY BT RIE kS s A T EE2 TR
B PR LTI g %ﬁu f% FCDI x sv2_ i 4282 L 3 2 o

% ik 51 g/LNaCl -k ;3 ;& (Figure 5.3.1.1 4= Table 5.3.1.1) » 4= 4> T & % 1851 uS/em » T
B PES 0 R ET R TR 2549 uS/em 0 T OBH2 ) PERS 0 B RET RV E- HED
54.8 uS/cm » T3 PELS 0 B RET R M T 7.57 uS/cm 0 FCDI [k 3u¥t] g/L NaCl &5 k o
G HR ) EFEET R T EINT03%2 % % 5 ASRR %3.63x 10* mmol/min/cm? > 3 %2/ FF¥ T B
3 % X %07.0% > d 3tiEsn-k? NaClE R4 T % > ASRR "% % 2.51% 10* mmol/min/cm? » % %
) EET R “,f % %99.6% » ASRR *# % 1.71x 10™* mmol/min/cm? » 7 T2 3 ¢ 2. FCDI % %4+
HHER DA kBR  md | BFOET R G By > Ay iz GIME T P €73
Bieo BlRG < A Fer 1 B ki TuAMcERE k2 ATk 5 83.87% i RF AL 526,98
kwh/mole o

NaCl i in-kk B #% % 210 g/L pF(Figure 5.3.1.2 §c Table 5.3.12) 4~ 4~ % T A& % 16.52
mS/em » T 1 S 0 B KE T R T8 3 13.27 mS/em 0 2 LS IR ET AT
- % 210.94 mS/em 0 T A3 PES 0 i K E T R M 2 8.76 mS/em > FCDI & 5u4410 g/L
NaCl &k » d > NaCl kR HE B 108 » 351 FHFT R 2 % & #19.7% > ASRR 52.79% 10*
mmol/min/em? » & 2/ PFHET A 2 e F 2 5338% > d ik d NaCl ER AR XF -
ASRR #+ 5 6.01x 10* mmol/min/em® » I %3] pF ¥ T & 4 % & 5 47.0% - ASRR { # 5 6.89x
10 mmol/min/cm? » 7 Ff= 5 ¢ 2. FCDI i ¥ 3 kR B -KiAR  BAET RS i Fug
BARA L A T o e ASRR 4rg FLEHR-RZRZ BARA R 0 0 AIFRF DT DR f
BE G B2 TP T NaCl g K ERBEBII0gL ) -T2 s5gim74 % 200816 A >
#11 g/L NaCl 7,5 5e4= 423 im(0.0227 A)Ap vt B 913%F 5 0 k52 R 3 2 73.75% » iR £ &
5.91 kWh/mole -

NaCl i&jn-kik B i&— % 4 & 120 g/L P& (Figure 5.3.1.3 4= Table 5.3.1.3) » 44~ % § B 5 343
mS/em > L PES 0 iRk EF A T % 2303 mSiom 0 TR RS o R KER AT
- %% 2273 mS/em > T3l PEES > 2ok B E R M3 244 mS/em  FCDI & 54420 g/L
NaCl ik » o 0 NaCl kR4 F20% > 0 5 1] BT R4 4 5 F11.7% & ASRR ¥ 5+ &
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1.21x 107 mmol/min/cm? > % %2/ FHE T B 4 Mf Zp A % 204% > d 3tigsnok? NaCl Gk B 2%
% »ASRR ¥ 4% 4 4p B A#i ©1.05% 10° mmol/min/em? > % %3/ FHE T & 2 “’TT F s
28.9% » ASRR % *# % 9.9x 10* mmol/min/cm? » 7+ T3 ¢ 2. FCDI & 5u#420 g/L NaCl -k 73 % >
BEARET R KT—r B3] PR3 289% > = ASRR fré¢ FIiEf KA R2Z BEER B » d v &
FRB TR E Kf o sz RUnPF] NaClein-kERE#® S 220 g/lL > - i 72 553
ST B 201155 A 21 /L NaCl &% Sid= 45 55(0.0227 AYApst & 1137 § o % sz % F o
Fuz g 572.36% 0 ac iRy 4E 5 4.02 KWh/mole o

NaCl jk & i& - # #% % 2 30 g/L p#(Figure 5.3.1.4 §v Table 5.3.1.4) > -Ki3 %A 4% T & 5447
mS/cm > TR PES 0 B KE T R T ' 2417 mS/om o § 2/ PELS 0 Bk ET AT
- "% 2389 mS/cm 0 T3 PFLS o B oK E T R K2 36.2 mS/em > FCDI i 524430 g/L
NaCl i&7i-k > d 2t NaCl )k B#% B30 > % 1) FET AR ",% FW6.7% > = ASRR ¥ a4 &
1.04x 10 mmol/min/cm? » % %2/ EFET A 2 “f A 513.0% 0 d »ieiiok? NaCl kB i 2R
%® »ASRR ¥ ‘@4F 2 ¥ 3 0# ®1.01x 10° mmol/min/cm? > 3 %3/ FH T & 2 ",/TT * %
19.0% > ASRR % *# % 9.8x 10 mmol/min/cm? > 7+ W= % ¥ 2. FCDI s %4430 g/L NaCl -k 3 7% »
BEARE R R 2 “,% F a3 s 3 19.0% 0 i ASRR ¥ @iF . fig chT oREd “,f:i kL5 %
Szl TR F] NaCl & kBB 8 230 gLl - 72 45T m7H% 3101288 A 71 g/l
NaCl =% g7 457 50(0.0227 A)p st % d12% % 0 (e k52 L R 22 i '8 562.9% 0 s i) 42 5
3.53 kWh/mole -

% #8874 -k 2. NaCl jk & 35 g/L P (Figure 5.3.1.5 §c Table 5.3.1.5) » "k ik 4487 B 5474
mS/cm > F K1 BELS 0 BIRGKET R T R 2448 mS/em o T2 PERS o B KET RT
- % 2432 mS/em 0 T3 PELS o B KE T R K 2 42.3 mS/em > FCDI i 5 ¥435 g/L
NaCl igii-k > d %% NaCl kR #H358% - 5 1] T RS % 5 5.5% > ASRR % 6.98x 10
mmol/min/cm? > 3 JEFETREL L3/ 589% d »iyn-k? NaCl BB MR 1R3>
ASRR ¥ & 3F $+6.66X 104 mmol/min/cm? > 3 %3/ FH T B 2 f., %10.8% > ASRR % *% %
5.63% 10™* mmol/min/cm? » 7 52 3 @ z_ FCDI % %335 g/L NaCl-kia ik » BARET B 2 fﬁ e
3PS 83 10.8% 5 & ASRR ¥ ‘adF (% B chTo@ g3 f ok gk k2 R R 7] NaCl

BOCRKEREB IS gL -T2 ATV H B 200833 A &1 g/L NaCl e )% bid= 47 0t
(0.0227 A)Ap vt % d13% 5 5 i ko Si2 LR AT vE "R 5 46.2% 0 v iR < 5 4.5 kWh/mole -
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Table 5.3.1.1 FCDI % .12 AC 5 i de 5 £ #8(SCC # 1TH75%)4 4 1 ¢/L NaCl 2 & % %
G~ TIoPATL % F(ASRR) ~ T RF &R 4

Feedwater [NaCl]=1 g/L, Flow electrode electrolyte [NaCl]=1 g/L

Flow electrode material: AC, Operation mode: SCC

Removal ASRR Charge Energy consumption
efficiency (%) (mmol/min/cm?) efficiency (%) (kWh/mole)
0-1 hr 70.34 3.6*10*
0-2 hr 97.04 2.5*10* 83.87 26.98
0-3 hr 99.58 1.7*10*
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Table 5.3.1.2 FCDI % 5t AC & iiide 5% T $(SCC # 7 #75%)4 £ 10 @/L NaCl 2 4 1% 7%
Fos THRAT R F(ASRR) ~ TATH E LR

2
33

T =

Feedwater [NaCl]= 10 g/L, Flow electrode electrolyte [NaCl]= 10 g/L

Flow electrode material: AC, Operation mode: SCC

Removal ASRR Charge Energy consumption
efficiency (%)  (Mmol/min/em?)  sehcioncy (96) (kwh/mole)
0-1 hr 16.67 2.8*10*
0-2 hr 33.78 6.0*10* 73.75 5.91
0-3 hr 46.97 6.9*10*
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Table 5.3.1.3 FCDI i 5.1 AC 3 i de 5% T $8(SCC # 7 #75%)2 20 g/L NaCl 2 4 14 7%
G~ TIoRATL % F(ASRR) - T RF &R 4

Feedwater [NaCl]=20g/L, Flow electrode electrolyte [NaCl]= 20 g/L

Flow electrode material: AC, Operation mode: SCC

Removal ASRR Charge Energy consumption
efficiency (%) (mmol/min/cm?) efficiency (%) (kWh/mole)
0-1 hr 11.66 1.2*10°3
0-2 hr 20.41 1.1*10°3 72.36 4.02
0-3 hr 28.86 9.9*10*
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Table 5.3.1.4 FCDI & s12 AC 5 it # 3% 2 H(SCC 4 (F4105%)4 30 g/L NaCl 2 4 4 »¢
G~ TIoPATL % F(ASRR) ~ T RF &R 4

Feedwater [NaCl]= 30 g/L, Flow electrode electrolyte [NaCIl]=30 g/L

Flow electrode material: AC, Operation mode: SCC

Removal ASRR Charge Energy consumption
efficiency (%) (mmol/min/cm?) efficiency (%) (kWh/mole)
0-1 hr 6.71 1.0*10°3
0-2 hr 12.98 1.0*10°3 62.94 3.53
0-3 hr 19.02 9.8*10*
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Table 5.3.1.5 FCDI i #57 AC 5 ji# 3% T 48(SCC 4 (¥ i5%)24 35 g/L NaCl 2 & % 2«
G~ TIoPATL % F(ASRR) ~ T RF &R 4

Feedwater [NaCl]= 35 g/L, Flow electrode electrolyte [NaCl]= 35 g/L

Flow electrode material: AC, Operation mode: SCC

Removal ASRR Charge Energy consumption
efficiency (%) (mmol/min/cm?) efficiency (%) (kWh/mole)
0-1 hr 5.49 7.0*10*
0-2 hr 8.86 6.7*10* 46.24 4.5
0-3 hr 10.76 5.6*10*
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& i FCDI i %eid® NaCl kR d 3% (1-35 g/L)2 2 3+ £ . (Figure 5.3.1.6
fr Table 5.3.1.6) » #L%5] ASRR €% NaCliE B d | g/L # % 3| 20 g/L » ASRR ¥ # 1.7x
10* mmol/min/cm?# & #/9.9 x 10* mmol/min/cm? > * # 258 » i §] FCDI % stehd &
ASRR > B2 #X Sv § 2% F o 83.87%% 5 T ' 172.36% 0 ek i R 4L 4r ¥ d 2698
kWh/mole - % % T "% £ 4.02 kWh/mole > % 77 #* FCDI % %tzd® NaCl 20 g/L > ¥ 2 { 3
SRR S]: By i Fgr M 4L E 32 %J’i H #¢h NaCl > e ¥ NaCl kB %5 2t
#% 2302835 g/L> ASRR #i2F 8- H ek F > fc iRy £ APF LY kT AT
$* FCDI s %2> %% 4 7 BRI2 Vo FiFHV 5 SCCr MWiEMHRM : md ATt > &3
T A2 NaCl k& 5 20 g/L -

d NaCl % F kR cipl3# > » FE 27 ¢t FCDI k 5o# 1048 2 4% 17 > % 77 ¢ FCDI %
BuEfE R A e (ML NagHASOs TH20 e B % Fe kR 2 3 A oRi3 i o Hibkes T ok 2
B AR, F gt FCDI i SuipliE 4 FE TR PR (T o
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Table 5.3.1.6 FCDI & 5. AC & i de 5% T #8(SCC 4 1FH05% )4 13 1-35 g/L NaCl 2 4 1 2%
N Tyomkgd % i Z(ASRR) ~ % jara i 85 o 4=

Feedwater NaCl 3 hrs removal

Energy
. efficiency 3 hrs ASRR Charge consumption
Concentration (mmol/min/cm?) efficiency (%)

(g/L) (%) (kWh/mole)

1 99.58 17410 83.87 26.98

10 46.97 6.9%10* 73.75 5.91

20 28.86 9.9%10 72.36 4.02

30 18.20 9.4*%10* 60.82 3.53

35 10.76 5.6%10* 46.24 4.53
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5328 X TIEE F 4 HF 301 SCC 4 fefist 4 ok v 2 2

FCDI & %tz SCC # (7H55% > BlFE 2 A7 i %%“f RipR2ZF TP EY e A
N TR 23 5 wt% AC ~ 5 wt% commercial FesOs ~ 5 wt% AC+H1 wt%
commercial Fe3;O4 ~ 5 wt% Fe;04/AC composite A BT FHBR Y FHRAC)NT E

2. FesOg> MR &R M REE ¥MF2 FesOs0 %% p 7K# & 2 Fes04/AC 4f
& H‘F:’% FCDI & 58 “f R RE L2 gk 0 WA TRLL2 Vo MAEFER S s
Pk o gtk Fz mk B 12500 mg/L NagHASOs- 7H0 (323 As k& 5 120 mg/L) 5 R34~
YRR SRR L MR R R > ABIT SR TRY ZFER o g AT S
fedith a7 0 A BB RERERE TR M B A TER F T #zgﬁi"o%%?hd B Bl %
o R E RS S G TR ek o T 4 E R S T 4B pH @ %
v 5 07 f2 FCDI % $u3t SCC #% iTpF e s %o pH B 48 21 ©

B £ FCDI i 22145 wt% AC 5 inde 3% T RiBlE AC $#40 8 4 chd "f »z % (Figure
5.3.2.1 4v Figure 5.3.2.2) > #~ 4% % & 5319 uS/em » T B3l ~ 2~ 3 PFis o s8R ER
RYPFRFHET 3 31609~106~41 uS/em > £/ R ET R 2 ",%i?:%:“l ~2N3 A
79.0% ~ 96.7% ~ 98.7% » FCDI % 5v125 wt% AC % 7w # ;% % #& 4500 mg/L NagHAsOs -
THO 52 AT 7 E D= >3 o FEZ As 2 Nak BT o As ad=4ik
B 51288 mg/L Rl ~2 3 pEis o As JER T % 1202 1.8 0.15 mg/L » g4
& As 2 “ér‘i?'ln\ B 5 84.3% ~ 98.6% ~ 99.9% ; Na 4~ 4ok B 5 69.9 mg/L » 3% % Sk iF
1~2~3] Bé*:w 'Na ER T 3284 M3 21 /PH}E“’ S TS R PR AR D
Na & *%& T-—y % 87.9% ~ 100% ~ 100% » # -7 FCDI % %2¥ i&£— # "# 3 54.8 uS/cm » & %
GREN sém‘u’J( HE R M3E 757 uS/em s FCDI i 5125 wt% AC 5 7w d 38 7 4, » ¥ As
2 Na 4 “,ft';:-‘% ZEF 24T o

B HBEELNH T EEDASE Nack RS > FIRAS Aind N THRTVRZ R
AT R PIER (M E AR 4 ng/L) B B Ak R (< 0.34 mg/L) 0 %
AT B HASOSZ o Rt AC 34 B o feind 8 T Nak & - RIS
Fig pt I ® N R ARGVRB R Y o T L BES > R N T RGTRIA R P 2 Natk
B 5277 mg/L > & 3vaginok ek i A 550 mLo inds R Rk 3R A 5150
mL > % 77 Bk *‘f 987.9% Na* » Na' - 3633 B2 inds 38 TRz » @ 3 4
TG ACTVF ¢ o B B I & HASOZ ¥ Nat§ s st 4 {4607 | 5 L% FCDI %
Bz it N TR pH $t o pH EEE G R AT > Az o TR N T
pH=6.3-69FF » i 2 kg% ; £ d Kiiz TinBcEiny ki LT2%F 5626% 0 i R}
#£ 579.12 kWh/mole » L T 2cF H B Rl K hs » L B I F i nmd N TRarkianR
DIk FRpnd e BETEATRF > LR B IR -
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BN TR 5 5 wit% commercial Fe;O4p# (Figure 5.3.2.3 4v Figure 5.3.2.4) > d
FRADRUB S RFTLA LT A P PEDR ST 200 Tk = G 5.9%:5
FRAIFF o feikdy As &t Na cidft ~ 47k A& Bicdy > 7 % I commercial Fe;04%t As
bR F hd “T % 0 AS e dn ik B 51229 mg/L o YR RNL 2~ 30 LS 0 As kR
T 3501 ~24.5~13.1 mg/L > dp¥ R As 2 Mr‘ F A w5 56.0% ~ 80.0% ~ 89.3% » B o7
commercial FesOs%f As 3 2 ok e 3 i FEOAC B o AR ETF
commercial Fe;042_ ' % & £ (2.43 m%/g)'* AC (756.68 m%g)] 2% % - 4p £3118% - v
commercial Fe3O4i7 5y %2/ PFif + AC* % /] pFen As 4 ",/TT % o & 77 FesOs¥t As e
MAvl g Bt d 245 5 commercial FesOs3 Na =13 “,/TT RlAp% 7 ' > Na ehd=4nk B
%68.1 mg/L > *t @ ekl ~2~3/] pF{s > Na BB @™ "% 3 58.7 ~53.0 ~ 479 mg/L > 4p 4
Roch Na 4 % % & 5] 5 13.8% ~ 22.1% ~ 29.6% » % 77 FesOu$f As § ki cniE 12 > # Na
SR Ak PR MY ¥ As v %

PRGN T AP As 2 Na ik Bees » I As i N T fmervkizin e B
MR 3k A (K32 02 R ng/L)s e A Mk R (<055 mg/l) 2 747
e HASO4? ¢ § v 3 commercial Fe3Oa. i o LB T NaTkR 0 RIE
Fag A AR kAR o TR 3 5 1e) [ RS o mdr N T ek R R ® 2 Natik
B 5214 mg/L > % 7 &in kA “,/TT e7713.8% Na* » Na* A& - ‘,5'3 F AR N T ARTTRIR R
Pooo@ A R_F M RE 3T commercial FesO43t JF ¢ o gt IR £ HAsO42' ¥ Nat g o i
M7 o R FCDI i sz ind N 2 4&ean pH %1 > pH ® %1 pFd pH 7% 2 pH
6> e A %23 ok iR PNV Ay pH=5.9-6.0/F ; d xiz T nBiciBiil k2
T F 531.77% 0w Ry 42 5 15.59 kWh/mole » 12 commercial FesOs3 7t # 5% 7 %&E;H
o LR F PRI T AC (6.26%) 5 indt N T AR 2. FCDI Lk %2 i kil 42 P
Bt i@ * AC (79.12 kWh/mole) & i ds 58 2 #4141 2. FCDI % v » B2 fRin s 3¢ a,ﬁﬁ;m’
Bt s DIk KB iRiedig o e FesOaf RILR 7 P AR 2 R 25 &% MR 4= -

e

115 wt% AC R & 1 wt% commercial Fe3O4 % 7t # 3¢ & & ¥ (Figure 5.3.2.5 fr Figure
53.2.6) » ¥R R ABE L IS wite AC SinE S LARRAR I EIRFRL AL R
1253 )P 570.9% > 93.7% ~ 98.4% ; FELAZE k2 As &2 Na kR TR

T~ 230 pFfE 0 As e f—, s sl 5 75.3% ~ 93.7% ~ 98.2% > Na 13 Tf*,<l>‘fvl
%65.1% ~ 85.2% ~ 94.9% » FCDI % 52145 wt% AC ;& & 1 wt% commercial Fe3O4 5 i % 3%
T & 0 ¥ As &2 Na 3 Kfﬂ:% ZEF a3 o

ﬁ’?‘ﬁfﬁ TR ASE Nack R > B AS Aind N iRz Ry ;3;4
SRR FORE R (XY 0E PR pg/L) R EadF AR Mgk B (< 4.6 mg/L) 0 £ ot Ak
@ e HA SO42 7w AT AC & FesO043t F . "”fﬁ“ s e d N s NatE R o R

BE: e N TR kiaRe o gl S o R d N T kR R Y 2 Nat
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ER 152 mg/L > & 1B R4k 2 "f e7175.3% Na* » Na* & & ‘FSKT# ERRPIE SEAE i p i GF
d ooom A AT EEF T AC & FesO43t i ¢ 5 L% FCDI Lk 32 inde 5\ Tt pH %
it pH @B F vk M F 0 e s | PRk (FRER N T a4k pH=6.3-G.6F » %1t 7 B ¥
Bd Az RUnIEIY K2 LT anF L 5.86% 0 it ki) 4L 5 84.54 KWh/mole > &2 B
s * 5 wt% AC 2 FCDI ks s3u4p 3 » 45 wt% AC R & 1 wt% commercial Fe3O4 > T2

7 F s f‘;/,J 4v 7 commercial FesOq > @ 3 & Sisag ek = o

115 wt% Fe;O04/AC 4F & 4L 5 inds 38 ¢ & pF (Figure 5.3.2.7 4o Figure 5.3.2.8) » ¥
TROTRTAEFERRET R ﬁ?.1‘ ] N23 ) B A W] 524% ~ 16.7% ~
322% ; FRLERENRZ As 2 Na gk R T g0 » 3T e 1 ~ 23/ pF{d > As en3
"’f F o w 561.5% ~ 81.5% ~ 88.1% » Na =3 & & & w] 5 20.7% ~ 37.0% ~ 50.0% > FCDI
et 5 wi% FesOo/AC 4F & HRL 5 i ds 58 F 4% > ¥ As e s s % B3t 4 Na end "ért e
2,

N TR ASE Na kB > By AS Ain® N T iRavRki3 ke adF b
ek B (< 057 mg/L) » % 7 A T ek it HASOsZ % § e 5>t FesO4/AC 4 & H ALl iF
B o mnd N TR NaURR 0 R F g a3 THeAvRB R Y TR
WML PR > BN R RaVR AR Y 22 NaTkE R 5442 mg/L 0 & 7 i RAR 2 “,f 520.7%
Na* > Na* % - “"3 F AR N R AR R Y oA d AT R 3 FesO4/AC 4F &
LIV ¢ ,EL%:- FCDI s sz ind N 24 pH 81 > = | o FEEI N7 A
pH=3.7-4.1% > pH EE H & = Find N Tiddiiprt > PRI L d k2 $idicE
oY A A2 LR AF 522.1% 0 sk 4L 5224 KWh/mole » L e A g 3t ié v AC
(6.26%) = i & 3¢ = %}E’H L2 FCDI Lk &v > v iRy 42 B P &g M3t 2 * AC (79.12
kWh/mole) % 7 # 3% T 4=+ 412 FCDI % 5t > Fes0422 AC4f & 18 > F] FesOsF fd% 7
Mo VR E LR AT B M R AL e
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#ew FLE N T MG 2 FCDI k stz & 4R & v #(Figure 5.3.2.94c Table
532.1) BILE 13 hr ¥t As & Na 2 “,érf F¥s ASRR @ 2 » 5 wt% AC n# ;8 T &4
7 BAF a4 R 0 As 23 hr ASRR % 1.7x 10° mmol/min/em? » # = % 5 wt% commercial
Fe3049r5 wt% Fe304/AC 4§ & #142(1.5% 10° mmol/min/cm?) » & R 5 5 wt% AC+1 wt%
Fe304 (1.1X 10° mmol/min/cm?) ; Na 2.3 hr ASRR % 3.1x 10° mmol/min/cm? » # =x 3 5
wt% AC+1 wt% Fe304 (2.7X 10° mmol/min/cm?) » 5 5 5 wt% FesO4/AC 4F & H3#1(1.7%
10 mmol/min/cm?) » # ™ ] 2 5 wt% commercial Fe3O4 (8.8X 10°® mmol/min/cm?) » % 7+
Fe304% & ﬁﬁ‘}i_?d‘ Na'# ;2 ’ﬁ B FaT sk o A As/Na anE 304 > f 4 5 Fe;04
2K 3R kAL A TRIZE > 5B 7 As/NaZ#H 14(1.7)2_1 5 wt% commercial Fe304 3 it
AT B FES wt% FesO4/AC 4 & H #(As/Na=0.9) » & 5 25 wt% AC
(As/Na=0.5) > & B 5 5 wt% AC+] wt% Fe3O4 (As/Na=0.4) o j& 2 f8in s 58 T &4 L et
Foo T OLE R ACH Nat P B 0T s fioedk > A& 5] AC 5 3t B 411 Na'ehid
R I % F FesOs4z K 3pais &pF > FIP & Fe:OuriRfeldsp » v 1142
FesOstAh cn g v s s % o

M3t FesOs/ACAE & #1414 As/Na:E M E H @ 2 )}% dgut g o d 3P Wy A5 FCDI
R “f As 1= )I?c #& 1) CDI & ke )f?%bb f# > Fan £ A ch CDIFE 7 ¥ i@ * pp¥:EH
% #c(Relative Selectivity Coefficient, RSC)‘* fie g + 4 > %A~ 7 @ * FHR T & 0 &
k> 3% %5 single-pass © H#T 7 ¢ 2 RSCasyna=1.57 (Fan et al,, 2017) ; F#-AF 7 ¢
Fe;04/AC 48 & #1412 As/Na dE# M > » 3 5 S Ap¥EH Glic> P15 RSCane=1.72> 7
AEEG T AC Linds S T HEH AL RSCavna=1.07 > % 7 2 # FesOar AC A & 14 s;
R B Y As cuEHEM o EEL R hE d > FCDI &7 CDI : sk ivif it 2 > }'§J<
BHE AT T R E DR R BT

i 3% Fes04/AC 45 & H AL/ # “Zf B R G }I?vmkl‘ Foood P A A
FCDI % %44 “ﬁ? As 1= [J?% » #4 CDI jx ke }I?% i > Fan £ A cn CDIF=F @ 8 * &
ME T & > ik 38 5 batch mode » HAm g ¥ >0 440k B 5 100 mg/L P& > #0 3 %
F 556.5% > g st £ 5 2.83 mg (Fan et al, 2016) ; @ 28 3 » Fia~ 4k & 5 120
Mg/l + *0 2 | R e (S 0 d % 5 88.1% 0 R T R 553 mg e i (FIL L s
d % FCDI s % * 5 wi% Fe;sOyAC 4 & L (7.5 g) » #1% ¥ n CDI i o2 5 5
BEE05g LR B & T R F B (mg As/g electrode) # 7 & i o 2t fddk B

' = - 2 se s Y 4,
mﬁ\#ﬁﬁv)\"ﬁﬁ AT B YRRt 2/}‘3; °

EEBATREE R A 4 D FeOud A Ak A P o K sAd
170 7 TS (31.8%) 22 B i et MR 4£(15.59 kKWh/mole) #0215 wt% commercial FesO4 3 Jin
BN T 4E > B 55 wi% FesOfAC 4 & Hf (22.1% ~ 22.43 KWh/mole) » 2 15 5 5 wi%

AC (6.26% ~ 79.12 kWh/mole) > # £ B| 55 wt% AC+1 wt% Fe;Os (5.86% -~ 84.54
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kwWh/mole) -

FE Y RH As & Naind £ 52 ASRR ~ As/Na thif {22 k2 & @oed 21
B 4L o 115 wt% Fe;O4/AC 48 & ## & FCDI in# ;¢ T &4 » ##£75 B R 7 As ASRR
(1.5% 10° mmol/min/cm?) » % L 2 4% e As/Na £ & 1£(0.9) » #F e T e (22.1%) 4 #&
1 e R 4£(22.43 kWh/moIe) » F A K#E 2 2. FesO4/AC 48 & 4L 5 iF & B4
2 f GRS S S R

1.8 40 - 10
1.6 - —
S L g <
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£ X =
< Sle =
v—on 1.0 = Q‘_) g
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% 0.4 - =1, &
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Figure 5.3.2.9 » f&/5 % ;% T &1L FCDI % $L(SCC #i3%) 4 I & b i
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Table 5.3.2.1 = 7 58 F $& 44 #2%% FCDI % 5.(SCC #:5%) 4 5 £ 1t i

o
Flow-electrode S wt% S W ACY 5 wt%
o .
terial Swt% AC conl;mgcml 1 wt% Fe;04/AC
€3t commercial Fe;Q4
As 3 hr Removal
efficiency (%) 99.9 89.3 98.2 88.1
ASSHrASRR =y 215 1.5%10° 1.1*10° 1.5%10°
(mmol/min/cm?)
Na 3 hr Removal
efficiency (%) 100 29.6 94.9 50.0
Na3hrASRR = 5 1y s 8.8%10° 2.7%10° 1.7%10°
(mmol/min/cm?)
Charge efficiency
(%) 6.3 31.8 59 22.1
Energy
consumption 59 1.2 6.3 1.7
(kWh/mole)
As/Na selectivity 0.5 1.7 0.4 0.9
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533MF S TRTF L AT J R ICCH EHN L fk P 2

FCDI & su12 ICC e iTH5 > PIEZ AT i # ok 2 Fhos o A A ik SCC
%3_‘\ ¢ IS5 wit% ACH] wt% commercial FesOg2_ i ds 38 T ddf0L 3 4 s LA i >

BICCHE TR T RE® Z ind S TR F F2 THH4L > ¢35 15 wt% AC~ 5
wt% commercial Fe3042 5 wt% Fe3O4/AC composite * f 7 &4t 35— & * 5 wt% AC > &
e BT RL2 V 3T kR 12500 mg/L NaHASOs-7H20 (32% As k& 5 120
mg/L) 5 RlFEA de bk B > TR R A T 0 A B BIREIR BN E T iR 2 2 4 ik
REE BRI AKER® BUAFEf TREMEH TRk o b 2 g
Blonds 3R B e pH @Y 0 20 fE FCDI Lk 3t ICC 4 iepF e % 8 pH B 4E 2 1% -

Wz At N TR AR ® > FCDI i 3i2. & i 4 I & v #(Figure 5.3.3.1
fr Table 5.3.3. 1) » 3 IRE 3 hr %t As & Na e fﬁ 22 ASRR @ 3 > 5wt% AC jnds ;4 &
Wi F G B4 eh & TR 0 As 23 hr ASRR 5 1.6 10° mmol/min/cm? » # = 55 wt%
commercial Fe304fr5 wt% FesO4/AC 4§ & 1 #L(1.5% 10° mmol/min/cm?) » B M P] 5 5 wt%
FesO4/AC 4 & # #1(1.3 x 10° mmol/min/cm?); Na 2.3 hr ASRR %5.0 x 107
mmol/min/cm? » # = 55 wt% commercial Fe3Os (4.3 X 10° mmol/min/cm?) » & X ] 4
Fe304/AC 4 & #42(3.4%x 10° mmol/min/cm?) ; % As/Na e #4384 - BI85 Fe:04%
¥R A TLBIE R - B 0 As/Na 5 48 1.(0.38) 215 wit% FesOy/AC 4F & H 4L &
mE N TR R > 32 F 25 wt% commercial Fe;Os (As/Na=0.35) » & < B] 55 wt% AC
(As/Na=0.32) -

B LR ATTF B R 7 FesOsz o Rpkcn i 3L T2 8 > FCDI i 5uius
wt% commercial Fe;O4 & i 58 7 ﬁé Fd BB e T (66.2%) 8 B M i R 44223
kWh/mole) » # =t 55 wt% Fe3O4/AC 4§ & 4L (46.7% ~ 3.3 kKWh/mole) » & £ P 5 5 wt%
AC(29.3% ~ 5.3 kWh/mole) -

2L ETS W% FesOf/ACAF 2 Al % 7ide X T 48 » A ]2 SCC & 1CC 58 % 1% »
¥ 0 1 SCC #2558 # 17 FCDI Lk $upF » As 2.3 hr ASRR % 1.5% 107 mmol/min/cm? % I
#.43(ICC: 1.3%x 10 mmol/min/cm?) » 7% SCC ;% L 7 22 % (22.1%)* &= ICC ;%
(46.7%) > e 2 SCC Hi 3% & 1% % 32 it R 44 ®1.7 kWh/mole » % ICC #- 3¢ (3 3
KWh/mole)2 52% » = SCC H5% 4 8 ¢ As/Na i #4£(0.9) » & & FCDI % % » 17 SCC
ot e 0T R P & eiE o
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Table 5.3.3.1 = &5 # 5% T 4+ #2125 FCDI & 32(ICC #5538 ) 4 A7 & v

(+) Flow-electrode S Wt%. 5 wt%
S5wt% AC  commercial Fe:04/AC
material Fe30y4 eat
As 3 hr Removal
efficiency (%) 97.5 91.2 88.4
ASSHrASRR =y 64105 15107 1.3*10%
(mmol/min/cm®)
Na 3 hr Removal
efficiency (%) 86.4 22.9 57.7
Na3hrASRR © 5 0uigs 4310 3.4%10°
(mmol/min/cm?)
Charge efficiency
%) 29.3 66.2 46.7
Energy
consumption 53 2.3 3.3
(kWh/mole)
As/Na selectivity 0.32 0.35 0.38
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534 CT BB N TLET F LS L R2ER B Y

FCDI s k12 SCC e 1778 » ind 58 7 84 * 5 wt% FesO4/AC composite » % &
Fe TR BAeWPEELI21.6 20 Vo Bk A 12500 mg/L Na;HAsSO4:-7H20 (3% As kR
%120 mg/L) 5 Bl A= 4ok B 0 127 f3 FCDI 4 563 7 o 4k (6 R T ch % Sskin o

= fA4kITT R FCDI i 3tz % i & v (Figure 5.3.4.19r Table 5.3.4.1) > # Mm%
M3 hr ¥t As 73 hr ASRR @ 2 > 141.6 V e iT3 4304 3 > As 2.3 hr ASRR % 5.0% 10°°
mmol/min/cm? > £1.2 V 4v2.0 V &7 As 2.3 hr ASRR £ JL4&:T » & 8] 5 1.5x 10° 2 1.6X
10° mmol/min/em?® » 2 § AAF F hL %] > ig& f L FCDI kg FlEiv T R# 3 -
m o2 ",% AL Z IR A e o FRP|IF R F RN E O ITTRT OF g
Fe;04/AC 4F & #7282 A 3 3+ {10 3 5 Na 2.3 hr ASRR P E g F 4 (7T Rk
% > ASRR » %z #% < > ASRR ¢ 1.7X 10 mmol/min/cm? (1.2 V) » #% & 2 3.1x 107 (1.6
V)¥ 3.2x 107 (2.0 V) mmol/min/cm? » ¥ " 3 Rd 1.6 VE S 2.0V > ¥ As ¥ Na 2

K/f ¥ ,}l’ﬁ {‘pq m%]’né °

R R AT BN R A 116V 3k (£p > FCDI i %29 B chh § 22
(46.3%)% # % chi i) 45 (3.3 kWh/imole) » As # Na 7 ASRR % 34 #n it > 21212V
FiEpE o $ As & Na2 3 %15 2 gend o B AT ok % 522.1% 0 it it Rl 4
- BHEFT R (1.7 KWh/mole) -
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Table 5.3.4.1 3% 17 B ¥ FCDI % v & IF & W

Flow-electrode S wt% Fe3;04/AC

Potential (V) 1.2 1.6 2.0

As 3 hr Removal efficiency (%) 88.1 92.2 97.7
As 3 hr ASRR (mmol/min/cm?) 1.5%107 5.0%107 1.6%¥107

Na 3 hr Removal efficiency (%) 50 89.7 98.3
Na 3 hr ASRR (mmol/min/cm?) 1.7%107 3.1*%107 3.2%10°

Charge efficiency (%) 22.1 46.3 30.4

Energy consumption (kWh/mole) 1.7 3.3 5.1

As/Na selectivity 0.9 1.6 0.5
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SIS ANTRRT R IRT ARAE I FAER

FCDI i ¥4 SCC e 1745 » i 38 T FH* 5 wi% FesOs/AC 47 £ 14 > kit
BRIV B SED B R R 2 ek o B R 17500, 100, 50 me/L
NazHAsO4- 7H20 (3% As E R AW 5120, 24, 12 mg/L) % PliE 4~ 2159 ;i SR P jE FCDI
BRIE T e R R g TR o

FCDI k 5ted® = 844k & 7% ik 22 & 5% & v¢ fi(Figure 5.3.5.14r Table 5.3.5.1) » #
Z M3 hr¥ As 59 ASRR @ 3 » NagHASO4-7TH20 i3 i ek R 4% % ASRRA%XF » H ¢ g2
500 mg/L NazHASO4-7TH20 2_ 3k it $4F eh# I > As 2.3 hr ASRR 4 %] 5 1.5% 107 (500
mg/L) ~ 4.2x 10 (100 mg/L) ~ 2.1x 107 (50 mg/L) mmol As/min/cm? ; Na 2_3 hr ASRR =
A1 B k& e NagHASO4 - 7TH20 % 7% § #e4F eh4 3 > Na 2.3 hr ASRR » %] 5 1.7x 107
(500 mg/L) ~ 7.5x 10 (100 mg/L) ~ 4.7x 10 (50 mg/L) mmol Na/min/cm? -

B TSP 2100 mg/L NaaHASO4- 7H20 i3 7% B » FCDI i 53 f- B e
T 32 % (36.3%) > @ &@E‘J_SOOE\ 50 mg/L Na;HASO4-7H20 ;4 ;% FF » FCDI & ftense § »c ¥
By oA “v'] % 22.1%£721.4% ; j]'yb};b 28 I SR IR )f@l‘l’ B R R RN R R 0 5 RN R
WAL 22500 mg/L NazHASO4- 7H20 7% R B 0k 525 B i g R ij 42 (1.7 kWh/mole) »
M IL@E'_SO mg/L NapHASO4-7TH20 i3 % B » % Sel| Z 0 42 3% hat £ (7.2 kWh/mole) ©

79




ASRR (10°mmol As/min/em?)

(o)}

[w—
T
1

k.
[\
1

[U—
S
1

o0
]

N
]

o
1

[\
!

40

T
(V8]
=

1
[\
=

1
[
S

500 mg/L

100 mg/L

50 mg/L

Charge efficiency (%)

r 10

Energy consumption (kWh/mol As)

Figure 5.3.5.1 FCDI s % E02 % & 3k & ([NazHAsSO4 - 7H20] = 500, 100, 50 mg/L)z % &

7 IR

80




Table 5.3.5.1 FCDI & %¥urJd2 % fe 44k & ([Na2HAsSO4- 7H20] = 500, 100, 50 mg/L)2. &=

I

Flow-electrode S wt% Fe3;04/AC
Feedwater As concentration
500 100 50
[Na2HAsO4-7H20] (mg/L)

As 3 hr Removal efficiency (%) 88.1 92.7 98.8
As 3 hr ASRR (mmol/min/cm?) 1.5%10° 4.2%10°° 2.1*¥10°°

Na 3 hr Removal efficiency (%) 50 82.1 93.3
Na 3 hr ASRR (mmol/min/cm?) 1.7%107 7.5%10° 4.7%10°¢

Charge efficiency (%) 22.1 36.3 214

Energy consumption (KWh/mole) 1.7 4.3 7.2

As/Na selectivity 0.9 0.6 0.4
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5.3.6 ML 3L+ A A

FCDI s %ur2 SCC 3% 1F4H05% > 7nd 58 T A5 * 5 wt% FesO4/AC 45 & #3#L » ,:ﬂ kL
FOERR 12V SRR T kY 31 IEES (CI  SO& ~ HCOY) % A 4 i 2

oo A e %Y 0 Mk R 11500 mg/L NaHAsO4-7H,0 (323 As kA A ‘;V'J
%120 mg/L > 1.6 mM) 3 R3#3 % » g+ (CI ~ SO4% HCO3 )/p R AR X RER
(1.6 mM)2_ 423 » 127 §2 FCDI % 5.¥ 2 1245 $55 v i) o

AR 3 AR ERER (1.6 mM)2 a4 pF (Figure 5.3.6.14r Table 5.3.6.1) » 4
Cl'is p¥ > € ¥ As 2.3 hr ASRR T "$6.67% > d R & ¢11.5X 10 mmol/min/cm? > v 5
T % 314X 10° mmol/minem? ; ¥ A P? 3 SO4&F APF > HR As 23 hr ASRR T %
6.67% > 9 R A& ¢11.5% 10° mmol/min/cm? > *# 5 1.4X 10° mmol/min/cm? > # 2 5 %] 5
SO&F f - e im  mg v Cl{BFDLE  §3-"F HCOy & P > P RHE
® As 2.3 hr ASRR T *133% > ¢ Jk & é11.5X% 105 mmol/min/em? > *¥ %13 x 107
mmol/min/cm?® > 82X HCOy 22 Cl'y 5 %4 f - % 215843 > & HCOy ey f B4 § T
e e 4 4 3 (HASO 2 22 HzAsO4)3£ & B F g o

BEEALNE AT RIS T %Y > FapR? @I RERKRS 0 U=
BT M ORE Y 0 R AR ’ﬁ*‘iﬁ%‘*i&—l ol A E221% 0 \‘@Jﬁ% 161.6%
(CI) ~ 77.8% (SO42)¥262.5% (HCO3) ; 8278 ki %z 2B raX 8 » @ F 5 H ¢ L 4EF
ERE £ Ll U s g Mf A ﬁfgzg ’ %!;y(m: By L ®RE 4 R Al
kWh/mole > 4 w3 % 2.5 (CI') ~ 2.0 (SO4*) 2.5 (HCO3") kWh/mole -
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Table 5.3.6.1 12 &+ (Cl" ~ SO4>22 HCO3) 3% ¥ FCDI & 5i2 % 2 34 2 iy

500 mg/L 500 mg/L 500 mg/L. Ao
mg mg . Na:HAsO47H20
composiion NHASOL NaHASO,TH:0 N TR 03437 mgi
P TH,0  +93.5 mg/L NaCl -~ Mg NaHCO;
NazSOq4
As 3 hr Removal
efficiency (%) 88.1 89.2 77.3 87.4
AsSHrASRR =y g5 1.4%10° 1.4%10° 1.3%10°
(mmol/min/cm?)
Na 3 hr Removal
efficiency (%) 50.0 29.0 27.8 37.7
Na3hrASRR =y 25 1.3%10° 2.1%10° 1.5%10°
(mmol/min/cm?)
Charge efficiency 1 61.6 778 625
(%) : . . .
Energy
consumption 1.7 2.5 2.0 2.5
(kWh/mole)
As/Na selectivity 0.9 1.1 0.7 0.9
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537 AN THRT i T A

FCDI s st SCC #1705 » i ds 58 LM * 5 wt% FesOu/AC 47 & #14L » k5L
FITTRE12V kR 12500 mg/L NaaHAsOs-7H20 (32.3#% As k& 5 120 mg/L) 5 Bl
DR B iE ] (3 TR RT3 B"i)\,fﬁv—\**@_ﬁq" 1 DIkikts BT
’F is i TR > 0 R E N TR g 2T .

F1* F %18 5 Fes04/AC 4F & ML > 1% 4 A74+ =0 e FCDI & Suin #5538 444 42 (Figure
5.3.7.14c Table 5.3.7.1) » 3 3L As 2.3 hr ASRR 7 4 b A2k T > % 51.5% 107
mmol/min/cm? ; E{FE L E R * vtk * 41 FesOu/AC 45 & HL » L@ »ed v ¥
B oood BAa221%5% F F173.1% 0 (e i R AL Frek e 4o > d 1.7 kWh/mole # % T
2.1 KWh/mole = s & % 87 FesOo/AC 4 & HBE VAR F RS L T wjei * > i Z { $=
BANLEDAPIL YT UEER R Y 2 E N TR # R o

5 50 o
g 4 - / L 40 |4 ;f
Q
g= ° ® S EE
XS s =
< 3 - 30 2T 3 ==
3 v 5
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Table 5.3.7.1% J< £ *

FesO4/AC 4 & ##42. FCDI 4 3

Flow-electrode

5 wt% Recycled 5 wt%
material Fe;04/AC Fe;04/AC
As 3 hr Removal
efficiency (%) 88.1 89.4
As 3 hr ASRR %10-5 %105
(mmol/min/cm?) 1510 15710
Na 3 hr Removal
efficiency (%) 50.0 700
Na 3 hr ASRR 1.7%10°S 2.2%10°
(mmol/min/cm?)
Charge efficiency
(%) 22.1 73.1
Energy
consumption 1.7 2.1
(kWh/mole)
As/Na selectivity 0.9 0.7
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