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Green and sustainable remediation (GSR) is becoming one of the most important
trend for soil and groundwater remediation, especially in emerging contaminants
remediation. Many countries are eagerly seeking new scientific knowledge and the policy
to achieve the balance social, economic, and environmental needs of the United Nations
Sustainable Development Goals. Remediation of heavy-metal contaminated groundwater
frequently suffers from the drawbacks of high cost and energy consumption, high risk of
secondary pollution and long treatment period (possibly prolongs many years). A novel
fluidized capacitive deionization (FdACDI) method using fluidized electrodes to amplify
the electric double layer for enhancing electrosorption was, therefore, developed in our
research laboratory. Under a low voltage (e.g., +1.2 V), heavy metal ions could be
captured by electrosorption during FACDI, and deionized water could be recycled and
reused. Concentrated ions (in water) that could be reduced to metals for separation and
recycling by the newly-developed solar-driven photoelectrocatalysis or electrolysis were
obtained by removing the voltage (0 V) or applied a reversed voltage (-1.2 V) in the
regeneration step. Since no chemical was used in the FACDI process, no sludge was to be
treated. The FACDI process was practically and effectively applied in the treatments of at
least six streams of industrial inorganic wastewater (e.g., electroplating wastewater). Note
that the ion concentrations in the contaminated groundwater are usually much less than
those in electroplating wastewater, which makes the FdCDI method better fit in
groundwater remediation in a GSR way. Additionally, the experimental data of the FACDI
electrosorption efficiencies for many ions that were highly related with their ionic strength
as well as charge density were obtained, which allowed us to be able to predict behaviors
of target ions in a contaminated groundwater during FACDI. The case study site that was
a typical small electroplating company was contaminated by toxic ions such as nickel,
zinc, chromium and fluoride (F°) in groundwater. The project goals include introduction
the novel FACDI method for in situ clean-up by P&T under the very limited operation
space. The removal efficiencies (REs) of toxic ions (such as Zn*" and F-) from simulated
and real contaminated groundwater by a laboratory-scale FACDI reactor using an
electrode set (consisted of Slelectrode sheets (the size of each AC coated SS sheet was
0.18 m (L)x0.18 m (W)) under a constant voltage (1.2 V) or current (1.0 A) were studied
to obtain scale-up engineering design parameters. Experimentally, the REs of toxic metals
and fluoride by electrosorption were 10-15% for a one-pass through an electrode set. A
fixed and operational cost of 400,000 NTD/year for the in sifu remediation of the
contaminated groundwater were estimated. Proceeding in this manner, the relatively low
cost, low energy consumption, high efficiency, high automation, zero waste approach, and
ready for remote-control FACDI process was demonstrated for in situ remediation of

contaminated groundwater, which would also promote the GSR concepts.
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Biological Enhanced Biorestoration: Biosorption:
activity in « Radionuclide immobilization | « Biosurfactants
subsurfaces * In situ bio-precipitation * Metal uptake by organism
* Biological sulfate reduction * Cellulosic materials & agri-
* In situ As removed by Fe ox- | cultural wastes
ides & microorganisms
[l 3TN
Reduction: Chemical flushing: In situ
* Dithionites * Soil washing
* H>S gas * Chelate flushing

* |[on based tech
e Zero valence iron (ZVI)
* Ferrous salt

* lon exchange

* [ron sorbents

* Precipitation

* ZVI

» Complexing agents

e Ferrous materials
¢ [ron-based soil amendments
* Mineral products

PR F IR
Permeable reactive Adsorption/Absorption/ Electrokinetic
barriers: Filtration: treatments
e Sorption » Surfactants
* Red mud * Membrane separation
* Activated carbon » Synthetic activated carbon
* Zeolites * Industrial by-products & wastes




» Atomized slag

* Caustic magnesia

* Biological

* Dithionites & sulfate reduction
* Microbes & ZVI

Pump and Treat technology (P&T)
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Treatment Train Components
(0.g., Alr Stripper, Granular Activated Carbon)
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Ground Surface Upgradient
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Capture Zone Well
Overlapping
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Dopression Contamination v
LS s b PRl S | D ] Groundwater
| A R Flow Direction
Well Screen Groundwater
. Radius of Influence Not Captured PUMP_AND TREAT FRIR7.COR
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HRR AR B ARIER AL R B EPEE 2 AT GRT 0 AT 3
CERE R SUEEEN F R

T EF P f,z (Soil Vapor Extraction, SVE)Z_# ¥4 |+ 5 %1 & £ (VOCs) 2 £
G VRS RS T ok 2 e hd Y L WALy c BiER Y R 2R
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Mg F RPN R R Mg B AP 2§ 3 o SVE B kgl
1l o F R 4R o i SVE indh f 2 E 4R~ JIEN A 3 A 4Er B TR o

30 4l F iEAR 0 VR ¥ F 1~ 2 (Air Sparging, AS) # 24 > AS *‘?%?—i“,érf%
TR T R F Aehd B TR i IE L S 0 BB T R S -F AL A
2 FE R R s T ok §ler VOCHH -

B SVEZ AS F s (E(ioM34)  Shal p on2 R 74 ST B3 % i g
F RS n’?ﬁ'rﬁ‘»#ﬂvﬁ’*ﬂ’f FWEET TR ’s%ﬂfwi* EF AR ILK AR
v}Jﬁ\ VU2 MAEIEE S N o Y SVEZ2 AS AJZE T i 4cd A B ToRY o

FRAR %ﬁﬁbﬁrﬁ HEp },%' A PR 0 B AR T A o

La

3.4 SVE/AS #2 /& (Liao, 2018)
B iV B § i F(In situ chemical oxidation, ISCO)

LR A REBE R 0 R BEPER PR R R LRI R
FIR T P ES LY 0 BEKE TR BB /RS B e T R
—gﬂﬁ‘i"ﬁ@ﬁ%ﬁ’}%aﬁ/%ﬁfm THF AT e Pt RJLS A5 VA 45 AR
#|(Fenton) ~ & ¥ (Ozone) + % 4& ik B (Permanganate) * i £ fic @ (Persulfate) ¥ « L 1 &
Flragagr FRAFR > P HLAARFSFTAME S LAFLR L RO
R r 2 AR LI e P S o IR ke B 2
FERemER A2 L AR F U FF SR LT ks AR o L EF A
FiEr AR TN SRR MR G o B L AnE S L
gm%%g,gg:ma\mim\ﬁ4#ka\z@bm\Jz# TRARFEG B
£ BFARFRTNIE FEIESF PF AL RIF LRG> 20
FF LRI AER AT AR CHEE A ok B FES

By CEV R ROREFAP MNP RPEFLP ART4L T kY 2 kR
BCEE AR 0 F MR NFASAEIRG ) B AL ETHR)DRAFZ B
55 (: &

%

IS

A *ﬂw~¢)w§$ﬂ%?*%%wﬁ*ﬁ4%’ TR SRR Y DER
AREE RS CEF O RREHREAE  Hap £ A RET FRRG
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BToRY FZEPB P F CHEEFESLFEAREROBHE 2 L5 3 0 B
TREAFFF oAy CHREEPIRCERTF G B0 A fR e T AT B TR
By CHEFLPTORE > VAR FRFICER

B EE Rth i

FAREDT MR - F LD e TRk w2 BRNEN s - 2 LE Nk
TN S E - BB N R RRIE AL EE B E S RRAL N BR AT K R
BRE AR e kAL S N B N AR (ArI3.5) 0§ T A2 B T RGN Lok
B Frie o S AN 28 P TE L F CRRF A ARE % R A RE
ERCETNSERRPE S SRS R D ¥ A LESRREE = A L S ¥ - N R T
CEBF I E A F P EABENTRY Y PSR B T ORER o

..........

Continuous Reactive Barmer B Funnel and Gate Configuration
meacwwe L. | L Rescwe
Con ‘ ' s [
33
( ’ -
§3 -
| e | [ Heaiive
a8 o
vet | . Pea Gra
Multipie Caisson Gates = Senal Reactive Media

B13.5 % K F b Ale % 7 A B(%) (USEPA, 1998) % 2t # $j#(% ) (Hashim, 2011)

5k

BB NBREFE R - 27 kAP X LS R F RS (Permeable Reactive Barrier,
PRB) > € X343 T-RARBAR T B2 0 2 R LR * (B3.6)c § X548 7 kil
Wkl RGEZ F BRI k2 IR LF A S AT OPRB S 3 T ok
A GARTEfRR 0 0 @ W PRB Y - R GCE ek TR o gt BRI R B
TR RS AL B K RIEE ~ 2 F i M)At o PRB A RE G 3 5 BE o BILK R
Wi > FPERREF T RPMNZE FL 0 FFEE P VRARIER S 0 T A AP o
PRB#Z%E? P S AR > EF S~ ik~ P EF LA 259 REIR >
PR FRS s e BT R REEF AR A F 0 Bl R BB - F RS 7 T4

EHFEEFEALEPRBN » N EFRR N Eioms CRHE LT KA -

Permeable Zone Ground Surface Trench System Remeduation Well
(Reactive Materials) /7 7/
Spill Source Water Table \Y /7 o -
Remediated s
Groundwater

Contaminated
Impermeable Barrier

Plume Boundary /
Reactive Materials 7

Groundwater 2 " Groundwater
/
.---’ Reacive Materas

B3.6 PRB AUZi# () B4 F otz L% PRB (¥ )2 PBR4L T £ (&) (Deyi, 2019)
SFFRB-FTRAAP T AFREAF O A RT S LEAEL AR
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R S I ?%54#m%.w&§‘iﬂéﬂ’Mﬁé%4$&F%°i%%T
BREYPZIFIARDRFIEM(FARL T EF)E T FIIME §F AR SR
By A AREALTUEECLTFEHESBEFAHF RUEFREY & AT
«ﬂ‘ﬂﬁ@‘mﬁﬁ@ W%ﬁ*¢)64ﬁﬁ@%@ig*wﬁ& L SRR

;{%m 1{3"#77. dl‘*\i T At T J\/nra"iz‘;t é‘ fﬂ:iu g%#’%’ ’;I%P\
;mmﬁﬁ?upzﬁ?mkj AFF o RAFRT IR o A5 F BBV LG
B A HE P 4 T H W AR S Y (e B]3.7) o BRI OREF Tl

PF Rdbo o THEAER FHA NS 0 f 4 Bt B A2 BB P EE A
TRz R s 2ok BEF S VARG FAPERE ST C Mo

Contaminated
Plume

anpeay sjqeausad

Jauueqolg

B3.7 2 % F B2z (Deyi, 2019)

2 PR T
FIH p R HcE PRI R 0 EAeteed 5 s REF R F L ANl en
FTROHT2Z O APFRTIAJY A RS LTINS DE A (ERE G WE L)

AR UEHIE LR T AR TR R T FURIEARS o

— A PR T A IR R B R 0 T A AR T R IR e TR
PRI FL ARFATHE FELAI RSP E TR TEET TR SE
FRF AT/ FRELAE S B W el P23 L2 i R EAFHRIEH I Fla T
FAEFRY AAARSEFTTT o A FRTHNALHIRE A E 0 S AR[ LY N
Wit P iF Ly BN A FEY N SF AP R RV LTRGBS S
PR 2H o J RT AL ERBOFRELE o AT RE P EF o 2 PR T AR
Binend ¥ - BV (73 % o B A FRTHMTOCF T UG ER A S E A M F
Foa e BRI R A R R LG ERF UL P RAR L L
FfRcha 4 o Ty I H R R E E R 2 PR PE 0 bldedk LT XM K
AR ARV REE AL A 0 VLB A L i SR ek e

*L#Emﬁ BWRIZE & - B0 T HIFL T E KRB PRTEE T
(LI
a

=

(4-13.8) » wﬁ$wnﬁﬁﬁwjdmmﬁ4#ngp@aw H 7 #5525
Wl AR RREE N R ARFAS AR R A
LT NS B TR T E S AR F STERCICN WP O TN
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RER P AT R A o e AR T HATAR IR
Wik R ORT Fie 0 Y HEY Y R 5 R

G %
£%

HF T Bt me BRI N F a(blie PO ~Cd?) Y B EHTREE 4§
poivi 4G ET B2 HOPR . A Y TSR LR B EAEET R LT
BLERT UK EIER A G DT R ABBERT D o RS NP EARREH F
PR 15 2 AE BRI RS a4 R ARIE S B F AT & AR 2 R R4
WERA CHEBIENY F Ao R FIP ALY - 2 EE F Ao A kR
MELERBHFIDBY I 2 A5G rclh > LA N FRAF LRI HERS
Wchad gl BT NE LY FRED AT - HELEED 3 B EEHUN I
FRAGN bR P AR E S FIL RSP TR E LRI B
BERTLBRRIEREBE 2 ERBATAS BT L PR v I
7 57 (4 813.9) o

IR spors SO -

S— P
ST, T jIIII» . 2
e — e

IR N, e

3.9 (a) AACE Jrisfh ¥ & 5L #-EDTA 3 %
#ﬁ&umﬁ»ﬁ4m4% AACE &g %

BI3.8 o Fipix » @ g f Finfp v 237 4L1m11'$/|i’ R T S

£ £ 4 (Ojuederie, 2017) EDTA ;32 11 €451 * (b) AACE &5 E -
d @ BT 70 Ami-PC 7 &g — BIEr o
(Xu, 2019)

Rf Fied -1 82e 2003 TR ’ﬁﬁ%w%g'?‘*@%’\.ltgp‘,

[
[
@H
g
e

3.10) » B AP AR I B RHMAATREATY B IHRET IR L BET IR B AS
en P2 E EBE A A o TR %ﬁw¢zg1$k§§$;,i§$4%
B3R VoY £ 4 RS @m’éﬂ%%gggﬁ%ogﬂgiﬁﬁi
ERBHEFIOEFT > O PRRBRATCDLEREEREFEREA R PR AL
@maﬂﬁﬁsﬁw%Wﬁ#mm%Jiﬁi’ﬂ%aﬁéﬁﬁé%ﬁ@’ﬁ¥1gm
ﬁféﬁ"”* &L (RB13) - S T BF T RS T & % T H(~100 V/m)

5
%ﬂ $EN@@’5““*? Y B BRI BT T EALE A RT fRh
PR RN

]
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Anode Cathode

B13.10 & & 4 % ;5% (Hashim, 2011)
# L SRM)

BPTORRTE ST FALEF OB 0 AR T ERY  FRFTREF L
PhAC s F OB R TG HESR T AR ] 4®~m§m&aﬁﬁ’w%ﬁ
KASEE  HF FREPFOETEG > RAFLBHTRES 52 HERY T
%o*ﬂwﬁﬁiﬁ*”;’m&ﬁﬁ#@%@%&#lm&%}SMﬁm%%&*ﬂ%
ko Aot QT LR F R R L ASLEAG L R RERE G A F T RlAP A S

SRM d & & @& F etfle s > 5 BHET A RFA S ()% WRF Mt
CEERLERE I i L O N VAR I I e (BLT LA RS e E I RN GRS )
R RF g VR 0 B LR et E RPN SRR S sl & o

20194 » Kao % 4 3 &} SRM 35 k{5 fs(PRB) ~ 2 4 F bt 2 4L » b 4
Pefg* o SRM SRR EF L E AR 185 4 P B AR (40 B13.1197 57 )(Kao et
al., 2019) » ¥ ¢t »SRM » ¢ #R ¥ * > TCE~PCE~BTRX ™ 2 12-DCA %5 /5 4 4
S FF O RIL S 7 T R4 SR T2 T 0 SRM 357 F R100%:h4 ok o i@
SRM 1% 5 BEinfh v s 3 S VR P BIAS A2 0 2 Z_SRM P wv Bk £ RSB

'%’;1’1?-—1__3\ i?l§%L3§ BB o

Y

WREBHF SRS G LB TR FRFRRFES L A A £ 4
%*ﬁdﬁiﬁgﬁ&ééiﬁﬂ%ﬁi%ﬁui%,wu BpHEEF LIPS L

~ A B A PGS F R W g 0 FIU 0 SRM BSR4 @2 TR BER G
.—_;‘3%@47'9’!#3']&’ A LY k- - rr Bl SR I E

Phase | Phase 2 Monitor Wel  Monitor Wel
—t 4 S T
L= ot
Montor Wel t = ‘ = » ‘ =
Wantewater
R =g =3 £ Treatment Facity
t l o e ?

e

' Surfactan'

e Igection

B13.11 SRM = F} B2 (Kao et al., 2019)
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% 5+ % % 48(Nanoscale zero-valent iron)
T iTLRRA %€$%¢+$@
FR G  TRELT LGS A B2 5

&ﬁ’%ﬁijﬁﬁﬁﬁﬁ%#’e%%yé<

EA NZVI %6

............................. 13 o SO
NZVI . A M
$ ‘f
B3.12 2 3 B WARWNZVDF ik i3 (i 215 > 2004)

SHFRL T TREFEAIEXFRIEEF T K

IHEE ARG A RREL TR SRR S S et AR T IRER
EFr oA g P COuER e kg iz B ¥ % (Edenhofer, 2015) » bl4e @ >3 F
BRAPA AT PA B FERMAE VS FHE S (Luetal, 2007) 0 3R R ¥ F
0 RIRECRLFE L2 $ 75 (CCS): A ML o [ 20068 B bn o 2 b A S
& £ @ § engts(Lehmann etal., 2006) » 7 &% MG 0 T ABERASF L A I S RIRA
ERRRIEE: L A RN EA S

AT R PE a1l EaF(Hic BITFRTF s 8PFR AR5
F E)iT 5 RAL(Ronsse et al., 2013) » pt B 4~ £ 1% = V@ FRL AL FRE S A2 #
fREARY AL NRAF(RFEAF )T IELZSS Wik v E2 A4 P2 0R
i¢ * (Lehmann and Environment, 2007) » # $ g7 " #E-5 A B2 B2 3E P > jEH " K3
AP ¥4tk B R & (Cao et al., 2011)° Yoo 2 RRVERIEETYEAR KRS
g ? 2 p R R4 oG B F RS s 244 $) 4R (Beesley et al., 2011) »
APFRALT ALY LG AkFENT T g.ﬁ e /\fﬁ.\:ﬁIﬁz (Lehmann and
Environment, 2007) = F]* 4 3 p e * 430 2 F 4R SR o s 26l B - 9

4eBl3.1397m 0 2 PR 85 A5 s id § B AL "’Qﬁwﬁ%ﬂﬁwﬁiﬁ

Fofokap g FlAR L B A fe i) o 3V B L AU AL B 2o B DT 0 e A

ﬁa%ﬁﬁ#'llf?wﬁ%‘m Ao =4 & P Annt F B S E L W(n-n EDA)p 3

T % \;ﬁy}; ﬂ.rﬂu; 1»_%;i'mx%’*4 o p—,;,,al*ﬂ;;}l\é‘}_ igff/r'fi? 3 )@.’l’rﬂs?jﬁ_‘

B xﬁw:; B ad ks BB (PRB)M 2 fefe Ficfh v HiFenF 8% 53 o<

Ao AMEICR T NP DA EF] - R AERF FFTREIRGDET LS F\'#‘;w’
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- = -5 $ 73] (Lynch and Moffat » 2005) » < &7 5= 87555 » F R4 iﬁf PR
(1) Fdres 2 fﬁ F ko (2) LETE "F‘»’:}w@ﬁﬂ"ﬁl_—_ E)FEXHER S EERERE om <
2 RIFLP R P ()2 (2L

ARV ARALFPRAAPFEARALY THEER S P F AL SR T BN
Fic LA EZLIEYSE FaT L+_4i$;" £ # 5 &(Zhang et al.,
2013b) Bl 4 2 e A > RBEPE A PG oK KA HEEHAT S
ESR @ﬂiﬁzﬁ E e inqp 7 > % (Wang et al., 2014, Zhang etal., 2013b) - & »>* 4 F gt A £ 4
B Uit L BTa A0 258K AATLARENE R NS 0 &
APRT ITL AR AM > BN FLIE VAT E L BT EFRARER R -

(B)

(A)
)

(E)

»

RI3.132 ity 85 44 2 wﬁﬁﬁ D(a) A ERFlzEge4p ~ (b) wIVF ¢ T (o)
PEP 2 EDA Z 4p &~ J& ~ (d) gn-ki®* ~ % (e) & 421 * 4 (Wang et al., 2014)

FIp Hak i

PRFRFAF I8 L 383 BF2 £ B HEEE TRFLELE 2019 @

EESERE L E S 5 Blifﬁﬁzl?f#f' LA P BN EN R e TR R BT BEE
BERER S o RFLATEF AP LATAF A R BEHE KRS £ETE
EETﬁW #?“H”ﬂﬁ A>W°ﬁﬁﬁ B2 7R A ag R i T A R R TR B
BT FEM o BRI EEEY B URG o ‘T';JFI‘—Z:'H’? B G R ARRE FE
SET RERDAHC ;w B J\'*’ P B2 B B e e #H o

B3.04(a) 5 P HMEREF T E k2 PRFAP Y - AR 4 Bt
(78%)% £ £ H(22%) » B 7 » F 85X 10 5 & F 5L K & P (~59%) o B R 1
Pt (81%)% 4 47’»;%@@(19%);; Ao B314M0)R ST EREFOEAF LG B £ 4
Bl g bt 5l 51 04 B EIIH AR 02 0 § B AT HF2 L B4 4o F]3.15
YL g i (47%) 8 47»(42%) PE R A m ARG R L. (P FARRE
14EF € T +4F 0 2015)
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CRMOBRYNTMRME
RBERNTWIRED L Eio0

hitridh

(a)

(13%)
"Qk"”“ﬂlﬂ ‘ EHh

ML

T | frtﬂ.
s cZRALRE AP
. B L4 M
‘8 p PR LN
A (A AHRAN CemER/SRRL
MAHRRLRNR

MR _RLRER

R3.14 (@) A2 kEFAFFoa0) REF L RSLS REFEFE Y 85 AL Hoe(?
J\%?F-“L 2SN (P FARERRLAEYEY EFAREB LT § T F4F 0 2015)
T 347 » 2015)

ARFAHRES FEDBEF R RLER L BHIRT R DE Gk
ORK e R RE R AST R KT e en P RASERF R T S B E R % o
EX et Fiow > FREEFALEL > ARRITR > D REFIApH L P
SESUIS W S NS 23 L AR RN S SEER R E R R EE SN
2w o FAFEETIRPID OSRPIED - HDR - BEARZRPIEEY R HRABR
PRI CEREPRFPRFEES - EHFFRAC 2 FEARAI RIS EFE 5
EHI R F T GBS SRR ARSI P AFRSAL T AT
HwINA A > BFFAPEE R 0 B BRI GEE & 2 PR 7S
PTORGAAEICIFFREERLAEFF AR TH RS R A - FH Pk
D TToRaunE s B T oRaRE SR~ 2 B TR R sl 2ok K
b %*#niz‘ PR ok TR S fﬁd H%i:_%dzp%ﬁ P E AP TR TR
- EF RN FAE LD TRARGY  BEESL TR R~ RE o R
w%h%&ﬂﬁlrﬂqrd’wﬂ“%i?”’hﬂ.“ﬁﬁﬁﬁﬁ&? BT E R s AR
A TF A

pa
g

wp

ﬁ‘
F;
)

BSAIERGFT R T HMT A 5B 8 L B eJ2 (in-situ treatment) © B 33X 5 4
et N TR T AIE ¥ - fER] 5 2LIE AR (ex-situ or off-site treatment) 5 #-% i3
Bt A TOREA R kI @k 2 R F AT o B AJRIEE T LT NS
2R FRFUMAE RS FF 2 A RRT R R R JER] 0 2 ti’—i'}ﬁ-i%
e T ﬁmn&MKWWﬁ*“%o@%%%ﬂﬁﬁ%ﬂ&lk FltEF 2 R e
PATT fo PRI ¥ AT I BT R 0 iR PRI T 0 FlE B I A 0 g TR
BRAREFIFAT 22 c ERAR DL mm*gakfk EA R N
AR E o BEISBN S 35 L

o PP HRECEDI R IR RF A DI FEBHD > F RS

BY B3RP TAORR S

.L
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e BAR2 IV HRASIREIZERILIZ R F A ANIRIRF VE
IR SN A e N iﬁi%‘“a‘%‘,ﬁ% » T §rEend 3
A £

FAeie ek o b F 7 AR ARA FRRF ALY o s b
¥ TEBAZ R PR 0 " ME R B et T
o AP Ik I BN BT XSS PR Sl Al A

R A R T RN S SO I A e IR T

|k
e
g

\j
P
[e=2

A

el
MY kR S F AR BRI A
l‘ijﬂf /54%%]%" °

3.4 2 3 HERIE BT R Y
T %3 3 (CDD3ts

BTokREE AR m4@ A AR BT AR X S HRERRF AT
AFERR P L AR AR o FAY CEANREFFERERTLLE TR Vi
HREMPEY & SRR R o RF 4 #g 3 (capacitive deionization (CDI)) 7 ™ = A& ~
;f;%ntﬁgﬁf—i"f }w’ T AR T 22 RPEF BHERTRA mfﬁ’*’f [ESEIE AW SN 33
Hie A2 2 TR BoRP KBS T3 Y (electrosorption) » F 2% "f L I S
@ 4 43 kv e~ £ 117 (40F13.16) > Bharath ¥ 4 45 9142 0E & 950 mg/L 0 23 3 %ok
7 1£98% (4-#3.17%77 )(Bharath et al., 2019) - CDI % % i ée frié » £ B35 BH & F T
Iﬁ T R~ 2 REE(E 0 F B (<1/1000))°k ¢ FEEEAES o d 20 CDI IF%‘Jﬁ\: i
£ EH G E G AROK IS R T L AJLR AL > 48 4L i (0.1~0.6 kWh/m®)CDI # i
T vy TOREL > T A TS 2 AFELP R

2is) e
o v o Iime (min)
B13.16 © % 2 5+ (CD) 7 = h 12 ﬁBl?rzCDléfLﬂzﬂ;pHﬁ_ s
(our data) -+ (Bharath et al., 2019)

CDI § & - CDI & @u'z%%aﬁ . i?bkféﬁ:%i R TR RIZ T F LB
R A G 2 B CDI 2 R R o B (AC)Z I E T A 3T N (- B
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3.18) (Porada et al., 2012) : < 3*(>50 nm) ~ ¥ 3*(2~50 nm)% -]-3*(<2nm) > = ' F &V &
=8 2 IE!@,I 4‘“ » et £ oG ﬁ%j;\,] ; ,J\:,L;B;E‘;jgl}%’g_; ;g;ﬁ;;];ﬁ 3, ’ '?‘JLLL_E*&J‘ ﬁ@;\;}u
A » TR FIVFRMZ PG FRAINE AP LI 0 T oI S

cF o RH A G LTS TRRETR R bl B A 5 RER) RIS AT AR

R sy F o BB A AE 0 VHRBAREE TS o
~ (a) Size nomenclature (IUPAC) =  ~(b) Intraparticle pore types ———
C B Macropore: Interconnected Closed
T larger than 50 niy open
Y. Mesopore:
F 2-50nm
/ Dead end
Y Micropore o
T smaller than 2 nm
\ J \

B3.18 jH a3t 2 N 3L 14 2. & %F (Porada et al., 2012)

ezl 2 "EFE "RFEL > 37 A EFTCEFE 47 AT B {

RTENUEE TR ZH BV R FRREZ I AT T iRl R E L

LA *L%"ﬂzﬁﬁi’?,*ﬁtax*z\ B2 R a4 5 (RI3.19) - T B

g EIS PR B2 3 K3 HE M "ETLREA0 23 RF 22
T

I (83.20) o redrdx] o BIEARR > THEIF T B o
E 1 T -" ’ . 1
®]3.19 CDI & [+t &2 ? 5 R B2 #13.20 CDI 7# {252 ¥ #& 2. EIS (our data)
Tk R & & (our data)
CDI R*tF B# 4 -3k 2 FIRITEA G T REA G FEI T 7 d
Langmuir isotherm (q=qumKrLC/(1+KLC))¥* Freundlich isotherm (q=KrC1/n) & 3% 14 % 7%
EAK‘J-V‘“}P\‘—* L?Eﬁ&% o :,F_l ¢ o C ;‘% T 55—7‘ /%ﬁ;i(mg/L) q ,?« q_‘v}:él g—?ﬂé’:i%ﬁ; L';Lxﬁ’:g;

<

(ME/g) s qm » B * 23 E S KL 2 T8 Kr 5 R4t 4 2 ¥ ¥k I/n &
PRGBS E BN 7 8 SO 0 A W G - R E 4 S 05 (Lagergren’s
pseudo-first-order model) (log(qe-q)=logqge-(Kit/2.303)) % = F##» 4 = *f -5 (pseudo-second-
order kinetic model) (t/q=((1/K2qe?)*(t/qe)) * & # » qc ¥ q 5 T 7P oo 2 35+ £ (mg/g)
t % PR (min) ; Ki (min-1)2 K; (g/mg min)~ %] 5 — &2 = FF 2. F i 5 F #(Nordstrand
etal., 2019) -
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anﬁéaﬁfﬁMQﬁi%ﬁﬁ—SN}?%ﬁﬁ?%&;“ LT T
57V @742 T F E(capacitance (C))(B]3.21) > #3+ 85 7 % B(C)¥ # T2 7 +=(E)¥ » &
#(q=CE) » T il £(q) 0 ~ A mERHE ¥ - A 4+ B E (W (mg))
F 25 (SACWIWAC) » 9 2 4+ =i £(W13.22) » WAC L it » £(g) -
CDI < i F(R (%)dp 4 40k R (Co) (mg/L)er T vt i8R R(CH2 £ & Cozo | 4 (R
(%)=((Co-Ct)/Ct)100%) -

, col working ' 0l
15+ ! voltage window, 14 _
- e - 97} >
‘o £ ]
I — 1
g > | g B
b “% i 92} | i 5
L ol
o-1 05 0 05 ; 1av T} m |‘3 4 i .
Cell Voltage (V) Voltage (V)
®3.21 CDI z .+ = *7 & (SAC) (Gao et ®]3.22CDI z_ & % »2 % (%) (Lietal., 2011)
al., 2016)

CDIF BEE#&3 -CDIF BEe 7 % K3 B3 23#;] 11 CDI & B M-k ¥ A5 4+
2. 3 A& Y K3 (Xing et al, 2020) > & F @& * L 5N (FbCDD & f T 4 54 2 7 5 3
(FtCDI) » FbCDI 2. § s i1 £ 2 7 3% £ % % ik i@ﬁm,ﬂanﬁmpﬁﬁﬁﬁ’
LTI e AREFTERFERLL TP RFTETTES TR L B A0 LR RN
AR 5 oo T WA KA EF P EABPF AT ARRFEI T 20 T
PR EARE S WE o BI R RYEED %;%F’%F(wﬂlir DR A R T )

TE L - $CDIT R - H i CDIEE R+ 5 AT N THRULT > 7R A1
5 F /M % " (membranes) © MU R S s:)ff%(co -ion effect)
= — }_,
N =
Flow-through COI Inverted COI
()| —-}— ® 'l ()] —«H
gmmcmﬁﬂyﬁﬁ;(@m‘%@mmymp & (MCDI) - (c) % 1% 3 (FtCDI) ~

(d) &% 3¢ (iCDI) ~ (e) in#* 3% (FCDI) ~ (f) & & 3¢ (hCDI) @ gE 2 M) mBTE S
CDI (Xing et al., 2020)
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ﬁﬂ’ﬁ@%%ﬁiﬁ*°d*ﬁ%$ L He T [T > @ CDI R R4 & B A7

B FEDNEBBRE R ERE IR o R D RBE o NP Y RP - ﬁafrﬁ (LY
% rxz 3+ £ # K Sulfonated Graphene Oxide (SGO) ¢ % & s (AC) = & AC@SGO 7
(e B3.24577 ) EFULRBHEE RN VEEFTHF 0 T i @%‘]nb » P
EE NG SURAY) Fers SRR B E A S

i -
fant o o *
(DA Ol.o .
St Watet wed 24 5 % LAY > Dvboaiond Ware
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o'-ol.!".ou"-
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LTRE TR L
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) cmmwcomre T GO Mowiwane (£ O0R

A dntred B O \destniar + SOR

Conductivity (usicm)

- .
v ¢ A v Lpebea s Crim

ACSGO-AC electrode pairs

®13.24 SGO &% * *+ CDI T &£ AC@SGO 2 2 -+ »x 5 (our data)

AR F 4 5 (FACDD)# je
gﬁﬂaawﬁ$,Aws%%—ﬁﬂﬁmﬁézé$+@ammmw%ﬁ3%7
FACDD) > @ 5 ff ~ " FAMEATTBFE L S FAM M IE > 20 T2 T
A 0 TR 2 TN E & BT 4 2 mAB AR () B -k % B (seawater desalination)
2R E £ A L Ay FlER S FEMG 2 TSR FRE R
B3I oRpr g L 2 AP R o FACDI i T T A 2 0 H T
FoRtF EENA D2 EET Rk S o REEMET AR KT AL
ﬁi?i%#@’ﬂﬁgﬁ*@ avk TR(ble D12 V) ArE S R A F g
Frwedps o A2 R R ESy 0 v kT FACDI »ef 28+ R B ()8 L R A(T)
2_ ¥ i€ B "k (predictable correlations) » 14 Ff iz P A 2 4 ,fw:i?‘ (4= ®]3.26) - FACDI &
R R L T A "fE‘ B R/ TR (e D RACRGR) X E BT R
TR ABAS (bl B M 8L e 2 ABE) AT R kR
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EH S ERRAciE e B ER (%I WAR)D A FFEFR) S KEMH /I A R
W FAEIFAR - MABE I/ EMYESALRE > FEX T AL TREE PR K
()2 3 T%’ EHEF I HFRP T s B AIF o BB3275 AR E BE2 KA A2 B
FACDI X % (0.2 T/h) » 7 & * BB v o edB B A R(R)P F R & B2 X5 % ¥ Tk
2 IR (on-site) TR Wl JI* o @ 2% S ;’?’@lﬁ °

%13.25 FACDI 7 &3 3+ (our data) @3 27 FACDI 2 7nA T R ficfe ~ 2t/
4 & (20105 )rh § it % (0.2 THh) (7

Em ¢} 60 cm x 60 cm x 70 cm) (our data)

SAC (pmol'g)

>

»
N
(Cy-C Y Cy (ppm/ppm)
-

e -

.

o ——
lonic strength (mM) Charge/A’

B13.26 FACDI »c F &r 3+ 5 B (=)@ T /7w % & ()2 M 7% (our data)

CDIzZ_ R § &

420162020 » 4 ¢ FA BT AT A 0 5% 3 EE KIEE 1 CDI B E
Ram G AR HE(RI328) - 1A 3 o e s CDI RBHA » 211 0 4 A 2 0 o 30
BokY A S U AR LA ERGE WERARELF CBRT e pH ERT S PR B
FRHAE BETORY G EFRAESLE

dNF R BAE €5 F THRARI AL Y B BURKEA A2 §F 3
Foo BT E A d o AP Y &% CDIAJL T HACKY 2§ 4 0 @ Dinokid PR
ST gcp £ F £ BT -
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A g AT FACDL e * 0% f BT 4K (BIL( % 4F) ~ de 1(7 88 K)
BB THBARTONIh N 2 R Bl A W R E0850% 1 o fe B R g\mwx
PREREHE KRG H ERHFITE KL I R E R -2 > &7 §(107.12.13~15) (12
T/D)(lﬁr' 3w @i%‘ KR 2 Bk ‘/@IL@EJ—)°

MARREREL  BHE 2P R RAT S 2 R ERHTIRAE 2 H SR J\éﬁ’?a
4Rk g (Life straw/Kittle) » # ¢ 5 4?@,5 R B SN I N R
ORISR A £ R f“ﬁlﬁ%i ERFREF L 2T AL 1 FdCDI #
WEE-T S R b (BE-waste) 72 B8 ACKY witd B A BY T o FH M A~ FAF
678w {2 #TT FACDILHHT » $.0% f2 i g Aok AR e 3 33 77 WAT > = A $ 4840 4
kR B R & BT Hi

FACDI ¥ #-% T im2 33 ~ AT A T BE 8 T kY sgper g & > H k2 43K
Z g fI* o F- it~ RR &Y o B ER-FACDI & ek B Pjie > (70 #
£+ &R o ¥ s B SRk T igit (Photolectrocatalysis (PEC))¥ i 3 8035 4 4~ %
HET A ELEFICDI s vt 5 B wed TokY g FBagF o £ 2k B 5k# PEC R
o FRERB M wdc e AAIRTHAARE G S > b A BRI AH R Y &S R
(EH SR A AR " BER B -XFLE2FEAS ;};tjﬁs—‘f&%‘cé 1 ()F %
TrToRT I ACBASGE cr hTZ B FREHZ AL BT RENURT (2)%
Bf R EMAET R )R A SDEBEAL(F TR FEH) 2 (5T
SRR AT 4 0 R R T AR R AV E B I B e
FdCDI # TR L R *

BTORESH R AR Y L ARTHEAR N 2 5 R Rt AR
BEZTRBRZGEH AR BTk SAEERERERH S FFHVRFEJEY > A
FACDI 3 # w2 kAL (F )& B ATeE 2 2 b H (BT frE)s Rk
AP FEERERE T R T s AP FPRERE-FF AR TRz F 4
R TOREIH R EE AR NITL AR AR EISST o

RGBT IE2 - TR 28083 P oL 2B 5480 > 1328
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R ,Vi(‘\z BT fEE) UBRR o EY FEES E Z R £H » FiSiER ;\/Tﬁ I;
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TOREERAF-APEE LR A kAR AT~ EC2 pH

&
o

=
A

|

(2)p # it FACDI §e 3% # 2 % 3+ .@%
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By RIS F BB T A

B ER L RS Y KFT AT ERMED LR WURLNT £
g R KR ARR 0 R 1T AE(E p)ﬁlﬁi’#ﬁ“‘”kﬁm WA R o AHORERE
rgwﬁﬁﬁdﬁ%ﬁ4%i@§ﬁwT$’?i SR NS R
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B (B 4rB4.2407 ) 5 (3)Hrhb s ff 1 £ 605+ 2 5 (4)iF A ¢ dr k424 ;5 (5)
i34 AEA B T K700 M3 (6) Bk TR T R D MWO3 ~ MWOS (4143457 ) ©
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FA2 M BISH R DL RES Z R TRFAEHIREL A

e % 8 Jk & (mg/L) # 11 (mg/L)
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& 114 50
£ 1.28 0.5
i 15.9 8
S a e N i
MW02 : xoﬁ ivﬁikﬁ;bfg =1
R [ L]
-
14536 =
Cimaen $
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Fidp R 202232 1p = 11:02
e ———— a o PR o s \ \
. | [LUET) . I
| 22 b . o —q
b—. - ooy
‘ g ft:n_i_lj_j_*h R -
s oMW MW2 MW MW4 MWS MWe MW7
Fl4.4 LB B0 a2
TR KR AP T £ LRI ER B TRFLEAFE T (B - %) 20200
243 E L2 TRl 2 P IEMEE A 45
=K B RIEPR | 221%HE
B FE (28 |#5 |2 |HL (M Lt LB
- = ELL|® P.L
g/em
L -Rivi m — | (%) | (%) | (%) | (%) | (%) | — | | (%) | (%) (%)
— 40~8.0| CL 0 16 |726(25.8|28.8|2.72|1.78|49.24| 328 16.7
80~98| CL| O |109|734|15.7|256| 2.7 |1.89|44.13| 208 &7
— 0.1~16| GM |52.1|28.1|188| 1 8.5 |2.66|1.52|47.37 - NP
9.0~10.3| SM |27.6|50.4| 21 1 9 |266|1.46|49.75 - NP
02~10|GM | 40 |[345(245| 1 |10.8|2.66|1.47|50.00 - NP
1.0~35| CL | 25 [29.1|525|159|25.1| 27 |1.84| 4565 20.9 7.4
MWO03| 3.5~7.7 | CL 0 28 |76.8|20.4|30.3|2.71(1.93|45.36| 289 14.2
7.7~9.0| CL 0 |125]| 72 |155|259| 2.7 |1.83|46.24| 21.5 7.6
9.0~10.3| GM | 38.4|28.1 (325 1 13 |2.67|1.72|42.86 - NP
i 3.0~85(CL| O |26 |71.2(26.2|30.5|2.72|1.79|49.49| 29.7 155
9.3~10.3| GM |37.7| 32 |225| 7.8 |11.2|2.67| 1.7 | 42.86 - NP
1.5~3.0| CL | 0.5 |12.8|74.3|12.4|20.7| 2.7 |1.65| 4949 | 21.2 8.6
MWO05| 8~9.5 | CL 0 |18.1|639| 18 (235 2.7 |1.96|41.18| 20.3 7.9
9.5~10.4| GM [31.9(25.7|326| 9.8 |17.2|2.68| 1.9 | 39.39 - NP
22~3.0| CL 0 8.8 |78.9|12.3|18.7| 2.7 |1.53| 52.15| 205 7.2
MWO06 |8.2~9.30| CL 0 |105|716|17.9|23.2| 2.7 |1.94|41.52| 21.1 8.1
9.6~10.3| ML | 1.2 |376| 52 | 9.2 |17.5|2.69|1.89| 40.12 - NP
34~80| CL| 0 |28 |756(|21.6|26.7|271|1.93|43.82| 284 139
MWO7|8.0~9.6 | CL 0 14 (724|136(23.2| 2.7 (1.92|42.20| 20.7 7.6
9.6~10.3| GM |41.7|244|26.1| 7.8 | 13.8|2.67|1.81|40.48 - NP
FAL KRR AP AT 41 RIEZ 2 TRFE LA E T (B E 2 5%) 0 2020 ¢
BoAoke - RBER N EED KR LED S AN ¥ LR {3 R

&R

th a2

hE s TR o FHMe ,T

4 vid (R N FIE ) Az
fSdpfidh + 75 > Bt d ERBAL BRI N SRR o
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3 LN IR p | evre
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2?’.
=

B14.6 T3 K55 Homh 1 T o i
TR KR AT AT Bl R HEE B TORFREFIE S (B I 2 4K) 0 2020 0
BB ey TRFR - RpREFNT TEEY BEFAEE RS EE
TORBFABEEANLE I ZT(52Y)  FELESET  BERSLE TRELEEZ S
DR AW 51142417 mg/L 0 5 % 2 #k ToRE FIHERE 22282 4178% o ¥ 30109
BTORAAKRK S EGEAAAE T > 7 S BERIERNFHAE S 2 T MWO3
T AR 2 B MW04AE MWO06: 4 @ ~ & & 48 % 4 5 22 MWO0SE & B4
e URE T RR AR SR LASAF IR AR AR 447»&
B(e4E £ AB4 4 42 pHiE)d I MWO3 5 2 854 kiR o

244 b FEn ToRFAS R 2 109F 2 TR AHKRBIESE

& BER | Bl BRI AL
i BAT | wse | e | Mwo1 | Mwo2 | Mwo3 | Mwo4 | Mwos | Mwos | Mwo7
1808 B 318 109.02.21 109.03.10 109.04.21

FiE m - - 10.061 | 9.929 | 9.997 | 10.078 [ 10.290 | 10.064 | 10.191
HIEEE m - - 29.346 | 29.394 | 29.462 | 29.418 | 29.519 | 29.533 | 29.469
IKAL(BEHTE) m - - 7673 | 7.732 | 6.998 | 7.674 | 7.708 | 8.161 | 8.280
KA A2 m - - 21.673 | 21.662 | 22.484 | 21.744 | 21.811 | 21.372 | 21.189
f:gi’;? m - - 8.867 | 8.831 | 8.498 | 8.876 | 8.999 | 9.113 | 9.236
REEE m - - 20.479 | 20.563 | 20.964 | 20.542 | 20.520 | 20.42 | 20.233
KGR = - - 286.2 257 25.2 25.8 25.7 26.1 25.9
pH - - - 5.83 5.88 4.46 5.63 4.39 6.09 6.17
DO mg/L - - 1.9 2.2 3.2 0.7 0.7 0.13 0.22
ORP mv - - -43 -44 122 -4 141 -72 -81
A5 pmho/cm - - 9.58 7.88 20.4 11.42:| 1757 | 2:30 2.61
578 mg/L 4.0 8.0 0.11 0.40 1.14 9.57 2.10 15.9 4.61
#(Cr) mg/L | 0.25 | 0.5 ND <0.01 1.28 | 0.016 | 0.029 | 0.010 | 0.018
H5(Ni) mg/L 0.5 1 ND ND 1.56 1.90 2.91 | 0.832 ND
#fil(Cu) mg/L 5 10 ND ND 0.476 | 0.027 | 0.063 ND ND
% (Cd) mg/L |0.025| 0.05 ND ND 0.008 ND ND 0.007 ND
i (Pb) mg/L 0.05 | 0.1 |0.00164|0.00554 | 0.0273 |0.00728 | 0.00469 | 0.0172 | 0.0227
f¥(Zn) mg/L 25 50 | 0.033 | 0.093 381 155 583 29.3 | 0.151

BE 1: ND A6 EE R 73 AR R ER(MDL) -
AE 2:EB S ARECRATAE D) ©HRASVEEAR o MIOR | RS RENEIIRAELL T BRI AR o FUR -

(FH &R AP 41T 241 fud 82 BT km 2430305 3 (B2 - %) > 2020)
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(4) B Epr o e BB emm o UR KRS LB LR RS
;H:%"\’f% FREL N o T AR AR PR AR S o

(5) EERIEP LA EHEFE S RYUTHBRE 0.4~045 nm 2k WiE i
F %’»*v:“IEJ%‘%’E Tl ¥ TOKRSET G F]I BT Aok k) m ek
PR s E o m A B R A

(6) BRI ERF  HEXAA iR FER ERER FHREAF 405
B o Bl A B RER -

4. &%

B i o R TR RIS 2 RRI(NIEAWI02.5) ) 2 R -

5.4 453 B
AITERF R RFRPGE 4 B EE) 2 e £RER CPHER -
6. & 45 i

TERFLAEr T RFERTRAE -pH E - L 242 4T ERL B NERRE
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Water recycling and reuse from RO wastewater by capacitive deionization

BRIy > Ras <~ FRB1H/F7THILIIEY 4
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3 %% 1 MOST108-2221-E-006 -165 -MY3 and 10GA0008001047

52

Mainly due to the rapid industrial development, the environment has suffered from the
increasing pollution especially in water resource for drinking water. The overexploitation of
freshwater trigger new methods for water recycling and reuse from wastewater by cost-effec-
tive and environment-friendly manners. Capacitive deionization (CDI) is an emerging desal-
ination method based on the principle of electrosorption in the electrical double layers (EDLs)
of porous carbon electrodes. In the electrosorption steps, the unwanted ions such as Na*, Mg*",
Ca*', Fe**and CI' in water migrate to the counter electrodes and captured by the porous carbon
materials on electrodes. When saturated, the electrosorbed ions can be easily released and
enriched for recycling under zero or reversed voltage. With the advantages of easy-operation,
direct energy recovery, zero chemical consumptions and high efficiency for desalination, CDI
broadens the applications for water softening.

Reverse osmosis (RO) has been used for the commercial desalination processes. While
the RO system extends significant advantages over traditional desalination technologies, the
relatively high energy consumption and operation cost are becoming the major problems for
freshwater generation. The negative effect of fouling and scaling caused by the inorganic ions,
especially for hardness ions, reduce the efficiency and decline the lifetime of membranes,
leading to consume more chemicals to clean the membranes. The CDI method was used to
treat the RO wastewater for water recycling and reuse. The RO-CDI hybrids, replacing the
RO-RO devices, can have a better salt rejection efficiency and reduce the specific energy
consumption.

Experimentally, the novel flow-through capacitive deionization (FtCDI) reactor for
treatment RO wastewater using the ion-selectivity electrodes (SGO/AC) can enhance the
removal efficiencies of hardness ions such as Ca?*, Mg?" and Fe** at high stable and
reversible electrosorption-regeneration cycles. Thus, the FtCDI device can not only be used
in the existing RO apparatus for water recycling and reuse in a relative low cost, and, very
capably, replace the RO for clean water with much low energy consumption.

Keywords: capacitive deionization, hard water, RO wastewater, water recycling
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Simultaneous Capacitive Deionization and Disinfection of Saltwater by Ag@C/rGO

Electrodes, Environmental Chemistry (2022) (In press)

W.-T. Chang, P.-A. Chen, W.-R. Chen, S.-H. Liu, and H. Paul Wang*
'Department of Environmental Engineering, National Cheng Kung University, Tainan 701, Taiwan
*Corresponding author. Tel.: +886-6-276-3608, Fax: +886-6-275-2790
E-mail address: wanghp@ncku.edu.tw

Abstract

Capacitive deionization (CDI) of saltwater with the advantages of low energy consumption
and environmentally friendly has been considered a potential solution to the scarcity of
fresh water from sea, contaminated or waste waters. In the present work, the new Ag@C
core-shell nanoparticle dispersed rGO (Ag@C/rGO) electrodes were synthesized and used
as electrodes for CDI of saltwater. To better understand the formation mechanism of the
Ag@C core-shell nanoparticles, temperature-programmed carbonization of the Ag+-f3-
cyclodextrin complexes was studied by in situ synchrotron small angle X-ray scattering
spectroscopy. At 573 K, the core Ag metal with the most probability nanosizes of 40-80 nm
in the Ag@C core-shell nanoparticles could be yielded. In the 4-cycle flow-by CDI (one
through) experiments using the Ag@C/GO electrodes, high electrosorption efficiencies
(25.0-44.9%) were obtained. Each CDI cycle involving electrosorption at 1.2 V and
regeneration at 0 V for 1 h was highly reversible. In addition, the disinfection efficiency of
the Ag@C/rGO electrodes, contributed by both silver and rGO, was very high (>97%). This
study exemplifies that the easy-synthesis Ag@C/rGO core-shell carbon-based electrodes are
feasible for simultaneous deionization and disinfection of saltwater to potential drinking
water.

Keywords: Capacitive deionization, graphene, Ag@C, desalination, disinfection, SAXS.
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Removal of toxic As(III) from a black-foot disease groundwater by oxidative capacitive
deionization, Water Research (2022) (Submitted)
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'Department of Environmental Engineering, National Cheng Kung University, Tainan 701, Taiwan
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Abstract

Arsenic in the groundwater of Taiwan southwest seashore caused the black-foot disease
(BFD) in 1950s. Although seldom used for livelihood, very recently, we found that the
naturally occurring arsenic concentration of the groundwater still exceeded the water quality
standard of Taiwan EPA. Thus, it is of great importance to develop a feasible and
environmental-friendly method for arsenic removal from the groundwater in the BFD
endemic area to lessen other possible utilization. Capacitive deionization (CDI) having
advantages of relatively low energy consumption and secondary pollution is effective in the
removal of charged ions from contaminated water or inorganic wastewater. Although CDI
has been proven to be very feasible, a better understanding of arsenic electrochemistry
involved in the CDI is of great significance. In this study, speciation of arsenic during CDI
of the BFD groundwater was studied by in situ X-ray absorption near edge structure
(XANES) spectroscopy. It appears that under a potential of 1.2 V, As(III)° (H3AsO3) can be
oxidized to less toxic As(V)™ (H2AsOy") that can be captured by CDI electrosorption and
separated from the groundwater. The removal efficiencies for As(III)° that involves
oxidation (As(II1)°>—As(V)’) and As(V) from the groundwater are 93% and 97%,
respectively. Nevertheless, due to the presence of other ions in the BFD endemic
groundwater, relatively low arsenic removal efficiencies (74-78%) are found. The As(V)
ion possessing a relatively small hydration radius benefits its high removal efficiency from
the groundwater. The kinetic data using the pseudo first-order kinetic model for the
electrosorption show the diffusion of electrosorbed ions onto the EDLs are rapid and the
charges are balanced by counter-ion electrosorption from the interparticle pore space into
the EDLs. The oxidative As(III)? under a small voltage to less toxic As(V)™ ions allowing
removal from the electrosorption exemplify the feasibility for CDI applications.

Keywords: Capacitive deionization, arsenic, XANES, black-foot disease.
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Photocatalytic Reduction of CO; to Methanol by Cu,O/TiO; Heterojunctions,
Sustainability (2022) (In press)
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'Department of Environmental Engineering, National Cheng Kung University, Tainan 701, Taiwan
*Corresponding author. Tel.: +886-6-276-3608, Fax: +886-6-275-2790
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Abstract

The conversion of CO> to low-carbon fuels using solar energy is considered an
economically attractive and environmentally friendly route. The development of novel
catalysts and the use of solar energy via photocatalysis are key to achieving the goal of
chemically reducing CO> under mild conditions. TiO: is not very effective for the
photocatalytic reduction of CO> to low-carbon chemicals such as methanol (CH3OH). Thus,
in this work, novel CuxO/TiO> heterojunctions that can effectively separate photogenerated
electrons and holes were prepared for photocatalytic CO»-to-CH3OH. More visible light-
active Cuz0 in the Cu,0/TiO2 heterojunctions favors the formation of methanol under
visible light irradiation. On the other hand, under UV-Vis irradiation for 6 h, the CH3;0H
yielded from the photocatalytic CO2-to-CH30OH by the Cu,O/TiO; heterojunctions is 21.0—
70.6 umol/g-catalyst. In contrast, the yield of CH30OH decreases with an increase in the
Cu.0 fraction in the Cu20/TiO; heterojunctions. It seems that excess Cu0 in Cu,0/TiO>
heterojunctions may lead to less UV light exposure for the photocatalysts, and may decrease

the conversion efficiency of CO; to CH3OH.
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2 pLEIE R < QA/QC

Sample Report

Author:
Published: 2021/12/13 111105:24:53
Notes:
Blank
Acquire Date: ~ 2021/12/10 11J03:51:55 Sample Type:  Standard
Correction Factor: 1.0000 sw- 1.0000 Nw- 1.0000 Iv- 1.0000 Fy- 1.0000 AF- 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision: 1
Elem Flags Avg  Units Stddev %RSD
Ca3933 649.8 Cts/S 8.783 1.352
Ca3968 550.7 Cts/S 5.845 1.061
Cad226 -45.34 Cts/S 2.047 4.515
Cu2247 0.6297 Cts/S 1.193 189.5
Cu3247 1044 Cts/S 1.680 1.610
Cu3273 -68.08 Cts/S 5.700 8.372
Zn2025 1.639 Cts/S 0.4910 31.90
Zn2062 -0.2952 Cts/S 0.1763 59.71
Zn2138 -0.3656 Cts/S 0.3283 89.79
CalibStd-1
Acquire Date: ~ 2021/12/10 01103:58:17 Sample Type:  Standard
Correction Factor: 1.0000 sw- 1.0000 Nw: 1.0000 Iv: 1.0000 Fv: 1.0000 AF: 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu.Zn Method Revision: 1
Elem Flags Avg  Units Stddev %RSD
Ca3933 99,170 Cts/S 195.7 0.1974
Ca3968 75,880 Cts/S 96.73 0.1275
Cad226 4,363 Cts/S 8.802 0.2017
Cu2247 2327 Cts/S 1.554 0.6680
Cu3247 2,082 Cts/S 2518 0.1210
Cu3273 8793 Cts/S 3.512 0.3994
Zn2025 743.9 Cts/S 1.998 0.2686
Zn2062 516.7 Cts/S 2.857 0.5530
Zn2138 617.0 Cts/S 1.941 0.3146
CalibStd-2
Acquire Date: ~ 2021/12/10 1004:02:17 Sample Type:  Standard
Correction Factor: 1.0000 sw- 1.0000 Nw- 1.0000 Iv- 1.0000 Fy- 1.0000 AF- 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision: 1
Elem Flags Avg Units Stddev %RSD
Ca3933 183,000 Cts/S 151.1 0.08259
Ca3968 142,800 Cts/S 504.5 0.3532
Cad228 8,191 Cts/S 77.77 0.9494
Cu2247 480.9 Cts/S 2.186 0.4548
Cu3247 4,214 Cts/S 19.54 0.4638
Cu3273 1,895 Cts/S 7.993 0.4217
Zn2025 1,635 Cts/S 4.187 0.2728
Zn2062 1,058 Cts/S 3.972 0.3755
Zn2138 1,259 Cts/S 1.944 0.1544
Color Legend Pass/Unchecked Check Fail Check Warn
Published: 2021/12/13 111105:24:53 o1o/
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CalibStd-3

Acquire Date: 2021/12/10 04:05:52 Sample Type: Standard
Correction Factor: 1.0000 sw- 1.0000 Nw- 1.0000 v 1.0000 Fv- 1.0000 AF- 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision:
Elem Flags Avg Units Stddev %RSD
Ca3933 862,600 Cts/S 3,606 0.4181
Ca3968 662,400 Cts/S 5,110 0.7715
Ca4226 39,030 Cts/S 74.36 0.1905
Cu2247 2,326 Cts/S 2.736 0.1176
Cu3247 19,720 Cts/S 29.41 0.1492
Cu3273 9,257 Cts/S 23.12 0.2498
Zn2025 7,471 Cts/S 33.19 0.4442
Zn2062 5171 Cts/S 16.79 0.3246
Zn2138 6,099 Cts/S 12.79 0.2097
CalibStd-4
Acquire Date: 2021/12110 04:09:40 Sample Type: Standard
Correction Factor: 1.0000 Sw- 1.0000 Nwy: 1.0000 Iv: 1.0000 Fv- 1.0000 AF: 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision:
Elem Flags Avg  Units Stddev %RSD
Ca3933 1,652,000 Cts/S 5114 0.3096
Ca3968 1,281,000 Cts/S 2,083 0.1626
Ca4226 77,250 Cts/S 4729 0.6122
Cu2247 4779 Cts/S 3.199 0.06694
Cu3247 40,160 Cts/S 220.3 0.5486
Cu3273 18,970 Cts/S 132.7 0.6996
Zn2025 15,100 Cts/S 55.59 0.3681
Zn2062 10,510 Cts/S 11.21 0.1067
Zn2138 12,350 Cts/S 10.17 0.08235
CalibStd-5
Acquire Date: 2021/12/10 0004:13:34 Sample Type: Standard
Correction Factor: 1.0000 sw- 1.0000 Nw- 1.0000 v 1.0000 Fv- 1.0000 AF- 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu.Zn Method Revision:
Elem Flags Avg  Units Stddev %RSD
Ca3933 A 0.0000 Cts/S 0.0000 0.0000
Ca3968 A 0.0000 Cts/S 0.0000 0.0000
Ca4226 362,600 Cts/S 3,450 0.9514
Cu2247 23,160 Cts/S 27.17 0.1173
Cu3247 195,800 Cts/S 1,102 0.5628
Cu3273 94,200 Cts/S 628.3 0.6670
Zn2025 70,780 Cts/S 144.0 0.2035
Zn2062 50,640 Cts/S 86.73 0.1713
Zn2138 57,470 Cts/S 77.80 0.1354
Color Legend Pass/Unchecked Check Fail Check Warn
Published: 2021/12/13 111105:24:53 120/
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CalibStd-6

Acquire Date: 2021/1210 04:17:55 Sample Type: Standard
Correction Factor: 1.0000 sw- 1.0000 Nw- 1.0000 Iv: 1.0000 Fy- 1.0000 AF- 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision: 1
Elem Flags Avg Units Stddev %RSD
Ca3933 A 0.0000 Cts/S 0.0000 0.0000
Ca3968 A 0.0000 Cts/S 0.0000 0.0000
Cad226 702,600 Cts/S 3,485 0.4960
Cu2247 46,010 Cts/S 88.16 0.1916
Cu3247 384,700 Cts/S 1,078 0.2804
Cu3273 189,500 Cts/S 3929 0.2074
Zn2025 134,000 Cts/S 3121 0.2329
Zn2062 98,840 Cts/S 94,53 0.09564
Zn2138 107,500 Cts/S 172.7 0.1607
D1_10x
Acquire Date:  2021/12/10 11104:25:19 Sample Type: Unknown
Correction Factor: 1.0000 syy: 1.0000 Nvy: 1.0000 - 1.0000 Fv: 1.0000 AF: 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision: 2
Elem Flags Avg  Units Stddev %RSD
Ca3933 A 0.0000 ppm 0.0000 0.0000
Ca3968 n 0.0000 ppm 0.0000 0.0000
Ca4226 29.74 ppm 0.1013 0.3408
Cu2247 0.01014 ppm 0.0001020 1.004
Cu3247 0.01128 ppm 0.0002860 2.534
Cu3273 0.01303 ppm 0.0001390 1.066
Zn2025 0.1477 ppm 0.0004710 0.3187
Zn2062 0.1464 ppm 0.0005210 0.3558
Zn2138 0.1541 ppm 0.0002740 0.1780
D2_10x
Acquire Date: 2021/12/10 0004:30:05 Sample Type: Unknown
Correction Factor: 1.0000 sSw- 1.0000 Nwy- 1.0000 Iv: 1.0000 Fy- 1.0000 AF- 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision: 2
Elem Flags Avg Units Stddev %RSD
Ca3933 A 0.0000 ppm 0.0000 0.0000
Ca3968 n 0.0000 ppm 0.0000 0.0000
Ca4226 29.18 ppm 0.1159 0.3971
Cu2247 0.02309 ppm 0.0002590 1.123
Cu3247 0.02427 ppm 0.0001690 0.6943
Cu3273 0.02592 ppm 0.0003510 1.356
Zn2025 0.2149 ppm 0.0005860 0.2728
Zn2062 0.2125 ppm 0.0006690 0.3145
Zn2138 0.2236 ppm 0.0003660 0.1638
Color Legend Pass/Unchecked Check Fail Check Warn
Published: 2021/12/13 11105:24:53 o3oaf
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E1_10x

Acquire Date:  2021/12/10 0104:33:41 Sample Type: Unknown
Correction Factor: 1.0000 Sw: 1.0000 Nw- 1.0000 Iv: 1.0000 Fyv: 1.0000 AF: 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision: 2
Elem Flags Avg Units Stddev %RSD
Ca3933 0.05853 ppm 0.0001180 0.2023
Ca3968 0.05903 ppm 0.00005200 0.08735
Cad226 0.06316 ppm 0.00008000 0.1265
Cu2247 0.02452 ppm 0.0001780 0.7249
Cu3247 0.02497 ppm 0.0004130 1.655
Cu3273 0.02623 ppm 0.0002860 1.088
Zn2025 2276 ppm 0.09616 0.4225
Zn2062 24.79 ppm 0.05572 0.2248
Zn2138 20.96 ppm 0.02260 0.1078
E2_10x
Acquire Date:  2021/12/10 0104:36:41 Sample Type:  Unknown
Correction Factor: 1.0000 sy- 1.0000 Nyy- 1.0000 1v- 1.0000 Fv- 1.0000 AF- 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision: 2
Elem Flags Avg Units Stddev %RSD
Ca3933 0.08537 ppm 0.0004660 0.5461
Ca3968 0.08735 ppm 0.0001850 0.2117
Ca4226 0.09221 ppm 0.0003800 0.4118
Cu2247 0.05622 ppm 0.0002240 0.3978
Cu3247 0.05767 ppm 0.0001480 0.2560
Cu3273 0.05762 ppm 0.0001800 0.3304
Zn2025 22.28 ppm 0.08917 0.4002
Zn2062 24.01 ppm 0.05393 0.2247
Zn2138 20.39 ppm 0.03178 0.1559
D1_100x
Acquire Date: ~ 2021/12/10 0004:44:13 Sample Type:  Unknown
Correction Factor: 1.0000 Sw- 1.0000 NW- 1.0000 I 1.0000 Fv: 1.0000 AF: 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision: 2
Elem Flags Avg Units Stddev %RSD
Ca3933 n 0.0000 ppm 0.0000 0.0000
Ca3968 n 0.0000 ppm 0.0000 0.0000
Ca4226 3.720 ppm 0.01809 0.4863
Cu2247 0.001428 ppm 0.0001710 11.96
Cu3247 0.001903 ppm 0.0001260 6.597
Cu3273 0.003412 ppm 0.0003380 9.899
Zn2025 0.01848 ppm 0.0002120 1.148
Zn2062 0.01832 ppm 0.00003600 0.1974
Zn2138 0.01903 ppm 0.00002000 0.1075
Color Legend Pass/Unchecked Check Fail Check Warn
Published: 2021/12/13 (11105:24:53 o440/
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D2_100x

Acquire Date: 2021/12/10 0004:47:16 Sample Type: Unknown
Correction Factor: 1.0000 sw: 1.0000 Nw- 1.0000 1v: 1.0000 Py 1.0000 AF: 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,zZn Method Revision: 2
Elem Flags Avg Units Stddev %RSD
Ca3933 A 0.0000 ppm 0.0000 0.0000
Ca3968 A 0.0000 ppm 0.0000 0.0000
Cad226 3.613 ppm 0.01339 0.3705
Cu2247 0.002443 ppm 0.0001100 4.519
Cu3247 0.003374 ppm 0.0002860 8.470
Cu3273 0.005204 ppm 0.0004120 7.921
Zn2025 0.02406 ppm 0.0001150 0.4775
Zn2062 0.02378 ppm 0.00008200 0.3440
Zn2138 0.02473 ppm 0.00006500 0.2612
E1-100X
Acquire Date: 2021/12/10 0004:50:27 Sample Type: Unknown
Correction Factor: 1.0000 sw- 1.0000 Nwy- 1.0000 1v: 1.0000 Fy- 1.0000 AF: 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision: 2
Elem Flags Avg  Units Stddev %RSD
Ca3933 0.01949 ppm 0.00004700 0.2395
Ca3968 0.01948 ppm 0.0001260 0.6477
Cad226 0.02111 ppm 0.0002390 1.132
Cu2247 0.003171 ppm 0.0002940 9.264
Cu3247 0.003327 ppm 0.00002900 0.8603
Cu3273 0.005257 ppm 0.0005970 11.35
Zn2025 2672 ppm 0.005722 0.2141
Zn2062 2.646 ppm 0.005005 0.1892
Zn2138 2.704 ppm 0.004205 0.1555
E2-100X
Acquire Date: 2021/12/10 0004:52:55 Sample Type: Unknown
Correction Factor: 1.0000 sw: 1.0000 Nw- 1.0000 Iv: 1.0000 Py 1.0000 AF: 1.0000
Analyst Name: admin
Method Name: 20211210_Ca,Cu,Zn Method Revision: 2
Elem Flags Avg  Units Stddev %RSD
Ca3933 0.02148 ppm 0.00006200 0.2889
Ca3968 0.02129 ppm 0.0001090 0.5131
Cad226 0.02293 ppm 0.0001450 0.6316
Cu2247 0.005696 ppm 0.0003470 6.096
Cu3247 0.006401 ppm 0.0001530 2.383
Cu3273 0.008010 ppm 0.0001820 2.273
Zn2025 2533 ppm 0.008454 0.2548
Zn2062 2.513 ppm 0.003994 0.1589
Zn2138 2571 ppm 0.002450 0.09529
Color Legend Pass/Unchecked Check Fail Check Warn
Published: 2021/12/13 01005:24:53 oso/
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Calib
Method: 20211213-2
Result:
Ca 317.933 Ca 393.366
61M
[
L e e B N B L B A B S B
0 Conc (mg/L) 10.0 0 Conc (mg/L) 0.5
Calibration equation Lin, Calc Int Calibration equation Lin, Calc Int
Correlation coefficient 0.999733 Correlation coefficient 0.999979
1 2
Cr 267.716 Cr 283.563
0' T T T T T T T T | 0' T T T T T T T T T 1
0 Conc (mg/L) 10.0 0 Conc (mg/L) 10.0
Calibration equation Lin, Calc Int Calibration equation Lin, Calc Int
Correlation coefficient 0.999944 Correlation coefficient 0.999960
3 4
Fe 238.204 Fe 239.562
5M
L e I I L A B R
0 Conc (mg/L) 10.0 0 Conc (mg/L) 10.0
Calibration equation Lin, Calc Int Calibration equation Lin, Calc Int
Correlation coefficient 0.999952 Correlation coefficient 0.999992
5 6
2021/12/14 T4 02:37:11 Page 1 Syngistix

91



S BpER 202223 1p = 11:02

Calib
Method: 20211213-2
Result:
Na 589.592 Na 588.995
L e S A R L N B R
0 Conc (mg/L) 10.0 0 Conc (mg/L) 10.0
Calibration equation Lin, Calc Int Calibration equation Lin, Calc Int
Correlation coefficient 0.997466 Correlation coefficient 0.998099
7 8
Ni 231.604 Ni 221.648
0' T T T T T T i T T 1 0' T T T T T T T T T 1
0 Conc (mg/L) 10.0 0 Conc (mg/L) 10.0
Calibration equation Lin, Calc Int Calibration equation Lin, Calc Int
Correlation coefficient 0.999977 Correlation coefficient 0.999962
9 10
Zn 206.200 Zn 213.857
0’ T I T T T T T T T | 0 T I T T T I T T T 1
o Conc (mg/L) 10.0 0 Conc (mg/L) 10.0
Calibration equation Lin, Calc Int Calibration equation Lin, Calc Int
Correlation coefficient 0.999973 Correlation coefficient 0.999981
11 12
2021/12/14 T4 02:37:11 Page 2 Syngistix
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Calib
Method: 20211213-2
Result:
Mg 285.213 Mg 279.077
iM
0_ T T T T T T i T | 0' T T i T T T T 1

(] Conc (mg/L) 10.0 0 Conc (mg/L) 10.0

Calibration equation Lin, Calc Int Calibration equation Lin, Calc Int

Correlation coefficient 0.999851 Correlation coefficient 0.999969
i3 14
2021/12/14 T4 02:37:11 Page 3 Syngistix
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