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Abstract

Capacitance deionization (CDI), or referred to electrosorption, has been
developed as a novel water purification technology for removing ions from aqueous
solutions. The application of CDI presents several operational advantages:
energy-saving, no secondary waste, long-term reproducibility, and reversibility. The
object of this study was to investigate the effects of ionic concentration, applied
potential, ionic charge, and hydrated size on electrosorption behavior using activated
carbon electrode in CDI process. Several single- and competitive-electrolyte
experiments were conducted to determine the ion selectivity, and to evaluate
desalination performance in electrosorption. As a result, due to the presence of
micropores associated with the double layer overlapping, one cation with a larger
hydrated radius demonstrates a higher electrical double layer capacitance by cyclic
voltammetry. According to the NaCl electrosorption experiment, it was found that the
electrosorption capacity and current leakage increased with increasing applied voltage.
The higher capacity results in the CDI process associated with loner charge time and
lower electrosorption rate. When the solution concentration increased, the charging
time and electrosorption rate decreased due to the stronger electrostatic interactions,
higher concentration gradient, and less double layer overlapping. Furthermore, this
study showed that ion sorption can be described by the Langmuir isotherm. The
single-electrolyte experiment present the electrosorption rate can be mainly controlled
by the competition of ionic charge and size effects. For cations with same charge,
preferential electrosorption of smaller ions is found, in terms of both higher
double-layer capacity and higher electrosorption rate. A series of electrosorption
experiments was further conducted to identify the preferential electrosorption in

multi-ionic solutions, where cations complete each other to be electroadsorbed onto
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limited surface area of carbon electrodes. When having the same molar concentration,
electrosorption selectivity of smaller ions over larger ions is found due to size-affinity,
divalent cations that possess higher valence to screen the surface charge are more
effectively removed from solutions. Furthermore, the electrosorption preference
shows strongly dependence on the initial molar concentration. To deionize an artificial
brackish water, the electrosorption capacity, in terms of molarity, follows the order of
Na > Mg> Ca> K, and the removal efficiency of divalent cations on a percent basis is
relatively higher than that of monovalent cations. The results are relevant to water

desalination and softening in electrosorption.

Keywords: activated carbon, capacitive deionization, electrosorption, electrical
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¢4 0.59 kWh/m® [13] © Xi ef al. A ¢ 8 B 12 ' v ik b 0 #0R
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Hap s sigpdl 254 QrieFwio TR R @ 8 EH G T

1

BAEHr L EPRP DX P AOREFTEI BEBRRE
TeR r EMH T TR F AR BN - AL G A FF o wRH

TR R 4 4]k AL R AT1-T] -
4



Reverse Osmosis

Multi Stage Flesh

Salt water - HP Pump

m v l*'

Semipermeable  procoure

1 ™~ ¥

Sah water
%

-

k]
-

Electrodialysis

m
§‘ ‘ Fresh water
C 2 out

o
FVapor
Brine
discharge

Salt water
Anion selective in Cation sclective )
membrane membrane mgm\um
—
DC current Beloe
negative Vapor
“Water out b
ﬂ;?::cnlmlcd
Figure 2-1. Schematic diagram of major desalination technologies and their relative
contributions to worldwide installed capacity for seawater and brackish
water desalination. [10, 15]
Table 2-1. Energy use for desalination (kWh/m’).
MSF MED Seawater  Brackish  Brackish ~ Brackish Reference
RO RO ED CDI
23.9-96.0 264-36.7 2.6-169  3.6-5.7 [11]
26.4-83.1 263-76.4 3.8-8.3 2.0-3.4 0.4-1.1 [10]
2.25 2.03 0.13-0.59 [13]
0.10 [5-7]
0.84-0.95 [9]




212 % %4 A R RE

TF YT T FL R S IR B B jis(electrosorption desalination) > H &
25 1% T BRARR 0 L § 3 3 o B 44 (nanoporous carbon material) (T 5 R &4 "F
kRGP A T A AP S A4S o 4o Figure 2-2 975% © f ¥ 4o h IR HT (7 0

AN MRRY RBRMASE T TRE | DRI F kY Pl A T

4_;

FETRP LT HE R FLRGEY 4 5 LEPF TIPE A RH T
Ao LU SRR R KRB iR g Y TRk 2 P e

BAERY LG R A G K SR HT RS T EA T 5 B (electrical

F_*

double layer capacitor, EDLC) » %ﬁd THEABHT X Bt s orag ggd o 7k
BAEA P ST D & BALT R AR R TR AR RS F R
SR HEA L LW ST A § LA 0 THRIGF Y TR Y T E A
g w R Bt B3R DRIV RFRFE EEF L E Y T T iR

BT RAE L E Y [5T]

Positive electrode
O Cations

© Anions

Nanoporous carbon material

_|.—|——}——+——|——|——|——|——I—+++(+:9+|saltyWater
© o ©06 _© 0o0%0

Treated Water

Negative electrode

Figure 2-2. Schematic of the capacitive deionization process using nanoporous

carbon-based electrodes to remove ions from aqueous solution.



2-13F 3L P32 FBa R
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B k75 ~ & (University of Oklahoma)=i#= 3 > Caudle et al.>" 7 % + @& * 3
A AbF A #-E M (activated carbon) B = T & 14 3T E 3¢ (flow-through) 4 $Lig i3
L 7 - (brackish water) =% 8 7 %[16] - @ Johnson ef al.*t 1970 & 4= % F|* &1
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¥
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% B Lawrence Livermore National Laboratory (LLNL)# % & § #% %} (carbon
aerogel)#77] 2. % 34 2 ¥ B4 > Farmer er al 4% gt 434L » rade =t 38 F evi k su g
B 192 ¥ 7 4% 0 At 49 - 588 mg/L 2_ F Y 4% % A2 T 470 mg/L[5] - Farmer et al.
T 1997 & FEip ToRawET g ¢ o K-35ppb e AL RJIZ T 2ppb 14T o E F
FEFFETEE L pppb M p[7] BT EEH TR A FTAHRLE T F
AT PR {RAFHRRAER AP EF BT Pl - L
[5-7,23,24] -

SHEAAMAEADP ARSI > e FiTE E KRR F PR IFE S TR
SR Y S BRI S R 0 (o R AR RS 0 R TR E R
At BT BHF B 4 L g o R s B R~ B4R Ja(carbon
fiber) ~ % 5K &% ¥ (carbon nanotube) ~ % % ' (graphene) {3 % *x f4f £ L % L f&
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AL HE L@k kB Y 2 @t 4 Huang and Su »* 2010 # %= 3 @ % &
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Table 2-2. The applied research of capacitive deionization.

Application

Carbon Material

Target ions

Reference

Remediation of ground

water

Carbon aerogel

Chromium

[7]

Activated carbon

Sodium chloride

[16-19, 26-29]

Sodium chloride [24, 30]
Sodium, Potassium, Magnesium,
Rubidium, Chlorine, Sulfur, [2]
Bromine, and Nitrate
Carbon acrogel Fluorine, Chlorine, Bromine, lodine, ;31]
Nitrate, and Copper
Removal of inorganic salts
Sodium chloride and Sodium nitrate [5]
Ammonium perchlorate [6]
Carbon nanotube Sodium chloride [32]
Carbon composite ] )
Sodium chloride [33-36]
electrode
Mesoporous carbon Sodium chloride [37]
Iodine, Calcium, Magnesium, and
Carbon aerogel . [9]
Treatment of brackish Sodium
water Sodium chloride®® and Instant
Mesoporous carbon [38] [3, 38]
Ocean
Water softening Activated carbon | Calcium, Magnesium, and Sodium [39]
Activated carbon Mercury [1]
Carbon cloth C 25
Removal of heavy metals arbon €0 OPPET (23]
Ferric, Calcium, Magnesium, and
Graphene . [40]
Sodium
Removal of phenolic )
Carbon fiber Resorcinol, Catechol, and Phenol [41]

compounds




222K 53R

1345 International Union of Pure and Applied Chemistry (IUPAC)4" #f > % 5t &%
kPRIt < ] F 4 4 5 E 3 (macropore, pores of width larger than 50 nm) ~ ¢ 3t
(mesopore, pores of width between 2 nm and 50 nm) ~ 14 % &3t (micropore, pores of
width smaller than2 nm) - & ¢ % 2 -+ FRIEP 4| K 2 FRHFIE 334k B
R whREREs A By TS U E R ET M ER RS R

kil

W

P F e R BRI A E B2 TR REM42] X2 A S
G pH EAey AR o Flt 20K S IVRHE £ T L TR AR A L TR
T U OB S 2 R R AR R F AL oS d DT R
SRR F RV AR AR R SR B R T e

(]

2.
(DEF 5275

BF AGA - BET MR R R 2 R AP MTEET L
BB G oAk BRIV A 0 A G 5 4001100 mY/g 2o o H A S R
B * A W — 8 % E (sol-gel process) 0 % * B ¥ = fs — 7 g (resorcinol
foemaldehyde, RF)3 %% » & fF 5 487 5% B a1 (800-1100°C) A )= 4 o o
FOURAL T A A2 gk o e S It F B H(9 2-50 nm) [2, 5-7,
31, 43-45] -

(2) 7% 1mt:

ST A L 5 1Bk 3F F (activated carbon granule) 2 E B B R
(activated carbon powder)® f& 4] f& » B W& > i Bpppldor B IR R R A S
ARBERE S B ERE I EE R A H2 B IE400-900C)%
B T Bt (carbonization) > AT 2 F v F ~ F ~ AE AR RS L E A
B e o BT oS IRENE L EEL o At BRSSP §

2

FAVF AL CETAA 2TV LD FEEIIGFF I FEA T B LG
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$h e % 3R () 500-2300 m¥/g) o 5 AR FI e i B 2 A SF AR
AR T 7 B (supercapacitor)® ¥ 5 R A&[42] 0 AR E B 20 RJSEAR R 2
A o

TR M ERRLZ TR FHURLAFRESFITLALFA > RIE
RAF R B ST AR Biow & ¢ % (polytetrafluoroethylene, PTFE) £ K it
4, ¢ % (polyvinylidene fluoride, PVdF)% - e /,91‘ el fE B A S R A BEIR A 4
RATERIE] LEOPRT > e RO B A B A G
WL Kl Bt A D gk R T T > 3 130 R 7 5 [27, 46, 47]

(3)76 Pt 5

AE s Rl B AR E R FR o R PRI RN ARIEF 4
Tooogp bR A R BB EE G S R BT e s S R
LX) 5-10 nm > FlghF orgropd G T A 305 5y 0o B AV S AR
F5E 4B 9 1000-2500 mY/g[48, 49] o 2 iE B T ARAD L 0 i R
4k (activated carbon fiber cloth) i % & S\t 4LiEA2pm » L5 2 @ * 3 &
FREFOREF > 2 HiIViF R RE  SFATEA o] o IR HRF AIVFRF A
B0 @R e B R K% [50] e

(4)7 F Bt

AR E CERAFASE RS R EREEARAT A HE
(single-walled)£ % E&(multi-walled)z ¥ A g -2 A ALE & £ ARG =7 7>
Aw| L T ANE S T BIREEE 1Y 5§ 4pT#E 2 (chemical vapor deposition,CVD)
Fod A KA T L bEIF S A 6 45 200-300 m/g >
FCFAGIAIER PG R ERG G FIERT LA G RES R

Mo e FIHEFRERS ARE > BRER S EE[1]]
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JiaZ o FT A2 ENZ RIEA B E R K SRR - BT ER
TERBm R F B(eapacitor) A AEA F D S BT AHFEMNEP B B4 b
FaE ALy otz g Fui i doFigure 2-3 #fr > § B M =3 1 chiz i
R E BF e BRepbe » @ BRyn-L g2 B LT MW

,/—l;. "//,';BJ—'——
FEDF T

h
L5
ThRBAR BB R2Z AT L RF

FRA AT P AT e
BiEE MEFT T RBEREF LT F R ETES 0 @ LR R in(charge current) ¢ —

ETI"E'J?,?%,%?LD?%, b ¥ “‘}'ﬁwa\,m/m)‘ﬁ’-n LCRCUBTRIEIS. 5 - =
T 0 73} WAk (transient)* E_f % - ) BPER N 3 O E T R o TR B
ARFOTEHRRE LRI E A TRIFAAR L 08 e RF LS T

R £ e[S HE T nE R4S T % (capacitance) » ¥ R T

&

FREEGR RS c FA T EFRMEF2LT =L 5 1 RiF(voltage) » @ it 5 1

B % (coulomb)sh g & > Pligd FQDPERINLETFENTFEL | 24
(farad) -
0
CcC== 2-1
- (2-1)
Y CERFFLTFEE

0: TG BB HELTEQ

Via T EMEs gL (V)

o _o AN\—2
e e
46
© e e ‘

Figure 2-3. Potential and current step experiment for RC circuit.
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2-3-2 % 3 B ¥ (Charge)

FPREFFALFIRITLFE -TRFMETREF LS 55 RRCT

B> 4o Figure2-3 BBt =g 1977 - g RMAGRS  TFEFL X REP T
Bho FRMARE TRFETRIARBEEFIITFEY » Flad BT N

ERIEAT FOR BRI oK 72 7 RIZEH (Kirchhoff’s voltage law,

KVL)’fg':x_-ré_gE é‘,_‘g&»‘;\:‘ EL'r”ﬁ ~ it 3%,_—,1;5‘ Lﬁ('fr’i*‘? o FF] L Vvs=vc+vg
#ed Figure2-3 ¥ Facg R G R IEB RAT I 5

R R (2-2)

RS ERBCHAL T
= % (2-3)
Fal [ SR ER(S)
§(2-2)58 2 (2-3)50 7 18
i o
S AT
(2-5)7 % Figure2-3 B | 2 TR A2 o F 5 =0OFT 7 B BT B A

V=0 5d f A7 # veo B R AEF e Figure 2-5 (a)* 77 :
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t

v, =vg(l—e £C) (2-6)

d 3 vg=vctvg 1

t

Ve =vge K€ 2-7)
Arrl s d Boe TRV FH T8 0 @ 4% 4o Figure 2-5 (b) 4157
t
j=-S¢ ke
R (2-8)
q
v (a)

>

Figure 2-4. The step response of RC circuit of (a) v¢ and (b) i [51].

2-3-3 % % ®*% ¢ (Discharge)

FRFRTPFERTID ¢ § LA LI T3

»}
IR
-4
in|
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i=
I
_‘F
il
hE
=
ETS
E-D

E SO wl 2y 2— /T < H =Y H Y
TETT R LR ERE BT RS

3
-~

) j
TEETRENTFET R v Fve=w=v RIERETIEET IR i

iy == 2-9)
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dv,

i.=C 2-10
c It (2-10)
Fd KVL 2% {5
i +i, =0 (2-11)
B (2-9) » (2-10)% ve=vp=vF ~ F X T @
cPe Ve (2-12)
dt R

dd Y B
dt R (2-13)

V(O) =YV,

(2-13)5% 5 - PP A s 2 At > T AU e KRy E o B RS dp ) e
Figure 2-4 (a)#771 > & ¥ 5 d (2-9) ~ (2-10)F=(2-11) 5" j# 1¥ 4v Figure 2-4 (b)#777 2=

o ook s Y,
ﬁ,»fv‘g\;ﬁ,/”“lCﬁ-

t

: Vo —¢
i =—E°e ke (2-14)
$ e @ Wt (b)
>/ > !
)
R |ic

Figure 2-5. The natural response of RC circuit of (a) v¢ and vg (b) iz and ic. [51]
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2-3-4

W

LE g -3

’l}_-ﬁ:%‘f%u§t’ TR EI I NERA G TR R TR A LSS
(FTHSFRHRE - B2 BT IRy E F FIRRSHF BT 2
RRe) EFLEDTLE: TEETF F(Cp e — BT I(resistor) & & F Fid
Blea2 TRMRAL ZTE-TFTE 4 VS RC T 8[14] - 4+ Figure 2-6 (a)
ST 0 BEAR RS KA D TR AN e A B L AR chg i g A4
WA AT L PR ;g;w BB R LR A AT B A
2 J 50 o Yang et al §]* pRRLEE o 9T F T EHOEEE F AN A £oand 5L e
ARG S B ERTRATERTFFCE GRee AR M2 I At e
T2 DI Ry B2 Ry o 300 Tk R 2 R R 4 fy 38 R 0300 <o) 12 Rk
B hsse g RIEE TG T2 S5 k70 ¢ 3Upg > lcit 12 3 7 2k

ROl o T fobeid 2. A g il 4 [45] 0 4 Figure 2-6 (b) 94T o

@@ * ) (b) G,
I _I’t:_
AN
Ry o MV Ry2 / C, Ry2
' : Ry R RS2
I_/V\/\_l AN
Lilily
N I

Cy

Figure 2-6. Equivalent circuit of (a) a pair of charged electrodes [14] and (b)carbon
aerogel EDLC of the microporous and mesoporous capacitors have

capacitances of C, and Gy, respectively. Each capacitor is associated with a

resistance R, or Ry. [45]

16



-4 R oph 2 F S 2 Y 5 -\
RTBERTHENIDT TS EY BN Ay FM R F AT RS

(2-7)%2 3% (2-16) 38 4 2 58 (2-17) % 7 [52]:

t
0= Qoe RC (2-17)
FATELT RS

0=0,(1-¢ ")
(2-18)

Fal O: EFFt TRz 7 i 2(0)

it
@

Op: ST A2 T im
B R Y BT EERfT FE C ok fMARF 5 “PFR ¥ fic(time
constant)” > ¥ Mt & T o # K KT HHE LT FH R T EAE 5 T EY A
R AR i RARP o s A KR AR A9 R
WRARE- ARE F T E A S RAEH o A > T AN QY EFSERTF R ME
2T fRiR 2 247 ik o Gryglewiczeral 87 3 P dp & I * Z #8734 % TN
RGBS % e F 40P B A e 023 Rt A A F U G
o B ey TR ERITA R BEET Y BET L ER
JEPEREL T G R FRIRPF 0 A SR ) P RC R W B om0 4 fj*u’«‘?\f'— 8
oEEE S B TS TR BenT fRR P 0 i A deT $id e i R[53] - Noked ef al.
SHT Y 4 Bor e A7 FiE* R M E s R d(activated carbon fibers, ACF) -
B 4+ & (carbon molecular sieve, CMS)~ & # 5% "% (aerogel carbon, AG)fr i 128
4% %% (activated aerogel carbon, AAG) 1% 5 & W't 7 {&PF > B % M 2 PR § fdx s

:‘ch,\ n‘*i‘ AR o He e zLtsd 3z AG'prAG\:L ,T,a: @\ T I L A 2

[

P Peo @ R ARG o+ R EL SR 23T T T @ EarmiE F ek
T P-2_ AB$[52] -
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2-4 % B &% 124 (Electrical double layer)

FRIETAEEERIF IRIRGEI T RGBRDR P R L
G5 AR BE TR ARF L P EREE RS FBA N P - e kA
FRIEA N E C 2 BRF Rk QBT TSN AR R
M2 G E £ % B A8 (faradaic process) 0 @ f gt iEARY A2 2 TN 2 LF
sw(faradaic current) o A m > F 2 TR BRAIBAZFEFTERES F B0 4 A
PLBRACAETVEF BV NEFOT IR FAZ LT LR TR
TR OT R F R AT A o A M AT B DT E
PETRERI ST LT IR L TRA D NET A SiEr > RARPI AL F AT
W% R o A RS SO R IR % o gt 272 £ % 1 42 (nonfaradaic process)
THT AR LI EHERL T H&(ideal polarized) » Ayt R T £ F st (7 5 € B B/ F
BHTHEE AT F[54] TEL R T EIAT a2 S EaT Y 7

BA 2 s RETIRE L Trds 2 0 Fo e A TR SR A R
oh &

FEFRMZIBEENTRRE 0 RFIRTYE A TRA G g%

=

14 7% Y ApF T 2 33 (counter ions)?) = S+ 2 ¥ B % 7 83 (co-ions) @

AREITH TR G R A G frRiT TR

\iifé’.’%}/%/&’ 2 bicay ol R

S

8T R BT R TR TR AR AT EHR T L))
¢ 5N R TRMIT T RR (B F B ET ST ) F 2 PR Y
Fag P o BREEREF I AT FARACERARAG O AT EA RS
Aawe 7T AR RRIENTIFE -

THERBASS LA 19 ¥ %7 &d Helmholtz 3£ 41 > 305 Ao T A %
WA R B LA BRI, R LT R RAE A

4v Figure 2-7(a)#777 o 3+ > f&{r & ¢ & I E & = 4 i (Helmholtz plane) » @
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+

R EMFL TR IR M e m § IR LR 2 ABF - 8% Helmholtz
RNOEA T T RFRT S TRSES ERe P EAERRB ORI
Helmbholtz plane *F 2_;% /% & (bulk solution) } #77% 2_ 2 T jm 5 % » ® p Bk &k

BRPFEZRY ORI 2R L L0 3+ ¢4 Bf%é] 455 e E #¢ (thermal

motion)IL % > E A it F ok RET FEET -E T RRER DIEIGEM G
*+4_Gouy # Chapman = =% Jﬂ" {i&- W& DT B4 (Diffusive double
layer) B2 33 > R+ FIREH L T AT BE 6 ) S PPk A E~ TR
Tam? o dp A TR A G RGP F AP HAS A T g NEF
Bt A G PREAER S m BAER L GAABIFLNE R BT AF - K TR
Sl POSEFE 1R AR BEAE Y 4 & RAp B R 0 4o Figure 2-7(b)¥77 0 AR $HHEF
(counter ions)? € ERAE# L7 L& Gk £ % HiT o A LIPFIA T A RITHERE

¥R A AT FAL > 3+ )RR R4 Boltzman B A2V & ¢ H A i BE TR o

N s
C, Water molecule C% Hydrated cation
® Cation /
(by

Y7z
Y77z

s
‘__{@

Potential ——

S

Potential ——

s

Figure 2-7. (a) Helmholtz (b) Gouy and Chapman electric double layer model.[55]
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Stern B % & 7 Helmholtz #-3]4v Gouy £ Chapman #-3]#-H #73% 1 eh 7 B
RS B 1 > HNEEFE LG IHIAT LA A BLENRS 5 - BINA
BOARTHEY A G RPN AR EAF X P A4 B G AT 2 B TR
(Stern layer) » ¥4 &} 2 B F AR ¢ o R EHF hx ] A i ‘ﬁ 0 AF T B
(specific adsorption)rs ¢ » g3+ &2 F i {#F T 4 = 2R ERE A G o At
Fl(Stern layer)p > 3+ k& F1 2 X Flop 2] e T 4 7 il @ BRI R B ik o
H 7§ =2 Helmholtz #-3] 4 7 » "L F i FEAIEN @ & AMIER A5 & Stern
layer /¢ efage B2 FRATH 0 FIRZ AP EE S X D2 BT 514 FUIS Tt R R
T IEER L FRHACAR TR ERA S RE 0 BT 20 & 3D Gouy-Chapman
BA Mg B P N ER . U EBTREE VARG A BHG P B E o 4

Figure 2-8 #7717 o

@ Cation %% Hydrated Cation

©  Anion O Water molecule

|
|
3—:% I
~
é Diffuse double layer —0—M8

T 0000000

&

Potential ——

Figure 2-8. Stern electric double layer model.[55]
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2-4-3 % X € &k (Electric double layer overlapping)

SR e R R

T REFPP 2T EELF I IREIE
B 4o @ "% X > 4o Figure 2-8 #1477 2. T = 48% > @

f;,_g %—%}3}27 *:J‘y

5%
CHEAFFAS 1 om L 10 nm
PR FL R IR BRI R A R
PEo B 7 5 b BT TR 2

Gtk 4e TR R LR B bk B 2 #[55]
< +[55] -

HRERK§H 2 Lol
sl it 2@ oLineetal 3 ¢ qp g 2 K
P ]t 8 nm pE o d R R E AR ehA 2 o 3 W A g ik
Gl | > 7R RS &

H

# ‘IIIE‘I-? /f‘l'\ﬁ..ﬁ*?ﬁ‘//\/ _g H; P\ "I =~ 7 %}é‘ [56]
CRERZTHRERALBTHE 0 J T BHc 2 SR

B RPN G OEICI IR 0 2 TR R
(compression of electrical double layer) ¥ & A& & & (5% "% M g5 "f HemiT

o

(driving force) 2.

* (ions exclusion)fx 7 &8 & o Fpt > B 22 K3k 2 T ETERERA N E THR
Bz pRit > 38 § 53 43 AJRHEE & MAE2 o Yingeral

RN - N LY SPAR IR - ¥ B L) F
REOrEF

R R R

2002 & %=

CEHE LT TR R
THEAE IR IV FY TR AT R BT

PR AR F R R L R
Bl (cutoff pore width)f » H #F F e vt & 6 ff ALA iS4k G 2el* 031]

Overlap

p—

=

Figure 2-9. Schematic of Electric double layer overlapping
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2-4-4 w3 %t (Specific adsorption)

THEGIIREATEROA R PF RSB EFTAIT Fr o m g T
i € 7R 4 (van der Waals)£2 it 5 4 A7 87§ fg 2 B enfF BT 5 0 &
MAIEHF 5d £ 4 ok & K (inner hydration shell) @ 7k AL 't o i5 48 17 5 &
AMAEFFFLRELF LRI FPIRALAR FURHFALH L ATT R
4o Figure 2-8 #7717 2 A4 o By 2 2 B R A X5 0% Y 2 5 0 Tk
o2 d P fedras A 20§ i dl F[ST]Ying et al chF7 3 ¢ J* Bl g 2% 5
WA~ F S R BRREERE T N HAFITERT TR RR TR
AN RER G BT R R E AR B4+ 7 x4
BT PR F Y E NS TR g R FEORE P Ry AL

T ERsor R £[31]
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2-5 BT 2 FlE
2-5-1 i F 2 B 5

A 22 it BB E T R kO R RIS A TR
YUEET M TS @,ﬁi;l* LB S EONIVF OV RITH A 4 B 52,9,
24,43]  Zoueral. AT 3 ¢ LG B AP Ik B S RO R 2 X B Rk
BEVFOESEFRA BT FIF S T RAM DT P E Rl g
Bd it Mt RAF ik F o KT RS AT %Y kAR H
RATHS G A ORI LI 07 BRIT IR o B M R O e ok
& o
2-5-2 *h3Wig it 2 o 5

ChIRGE R & FERE LR I IE S T HE T R EALY PRI IRE R 2
¢ o 4r Table 2-3 #7757 > Li ef al. 723+ =x 3% 5 SLdf 33 in i 30 T v ke 258 »
FRIE R R P Bl B RS § ZIREBHE S 2T LA AR R
FlE g i Tk AL € 4 B F 2 TP 3+ s (co-ion effect) s FR A o Ui -
P I frag S engpds 4§ < AN Rl 4 M RISoRE £ T 5[40, 58] Xu et al.

2 Seoetal 11i 5N A IFE R 2 B B R F R E AN € K IRRF ﬁﬂﬁ%"%

S RF G R ARE T RS R KR OPF RS I EE A6 RE BT
[9,39]

4o Table 2-3 #7757 > &7 F *F 30T H-enik 2 T > Farmer ef al 7 3 31 # B 0

THTHRGEERE cJung et alfrlee et al ik F P R E £ B AP 2

%

#
RET A B R L T HT O PR RLIAF R A G

i

S AR R
. "

—

2
RS - %
F 2L &

o /‘~ u%q’}iP"lBO] (% m:aggﬁ @ngurg—;:};;.—r(_‘,«

#ﬁ‘

1I2V)EH 2 kAT EfF A4S Bend s » P W ERBBG IR E
S EEE R A S > Big Rk pH B § MO A E[59] o RN HreniE
B OBERS LEFIEE RS 0 L 2R B g & M-
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Table 2-3. The applied potential and flow rate effect of capacitive deionization.

Impact factors

Removal efficiency

Carbon material Target ions Flow rate Reference
) Potential (V) (%)
(mL/min)
Grapheme
NaCl, 55 pS/cm 15/20/25/30/35/45 2.0 30/40/44/43/38/35 [40, 58]
nano—flakes
700/1000/2000/
Carbon aerogel TDS, 500 mg/L 1.3 71/43/21/15/13 [9]
2500/3000
) Total hardness, 350
Activated carbon cloth 16/24/32 1.5 85/70/62 [39]
mg/L (as CaCO3)
Carbon aerogel NacCl, 100 pS/cm 1000 0.6/0.8/1.0/1.2 51/71/90/95 [5]
Carbon aerogel NaCl, 100 uS/cm 400 1.0/1.5/1.7/3.5 6/48/65/- [30]
Graphite NaCl, 500 uS/cm 20 0.8/1.0/1.2/1.5 61/65/72/83 [59]
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2-5-3 43 E i B
B 2 A S Bd TRRE R4S & > gd -k & (5% (hydration)?) & 7
AR M2 R EHS S HA 3 K IV F a7 BT (pore accessibility) Rty
BEAEE G T [ £ R ST R D A9, 60] 0 T 0 ¥ 5T H
FETHS LR e 70 AP AL T ¢ Gabelich ef al 5 & e e > 07 A
FoREXE R B2 AT (Ca ~Na' ~ Mg 2 Rb")Z £33 (Cl ~ Br ~NO3~
5 SO ) S R E LT Bl BB SRS ORE L ARl 2 g
FHEFRFARGFE FIRIPEF A EHRGFTEF R F LR T  Lietal
R AT Y Y U R & 3 F & % (grapheme nano—flakes, GNF) ¥ 5 % 4& » 4r&g ¢
B BRE 2T PG RGO “f 2o E £ [40, 58] ¢t ¢ Gao et al. ¥ Seo
etal T T P A B Z N EAE MR EEERATTI R R AR TR

§BART DA AR EY - AT RS BT TR A G G RE DB T

<

[39, 61] - & 1t = B K2 hit > A3 T BE S TRAR T #
PR AT A S RE L MAET R 0 B AL B TR

Xuetal 3 ? 5 AR MF T LE X PRI A4k R2Z L By 41 &

YV

%4

BIBEFLE K2 MBI % > FRARIREY  EBRRS O Na g

<r

TR BT Ca’'r Mg B [9] 0 & orik TR iAn BB P ]S IR

[refo
St

L

¥

Table 2-4 #77 » A fo v peoifh DA B T T L L 7 H
oot 5% 2 27 A %L*‘A—ﬁ‘ﬁn? F AR B IV ik d—f?u—h_‘ A d
FRBPIRAE kX LR R EOPFH TG F LG FREAPIOOH G

Pl 2 ER PO RRRA > R K IVF P TR LS A MBI F

A
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Table 2-4. Research focus on the study effect of ion properties on electrosorption capacity.

Carbon Material

Content

Reference

Carbon aerogel

Hydrated size of the ions mainly controlled the electrosorption preference in a

competitive environment.

[2]

Activated carbon/
Carbon nanotube-Carbon

nanofiber/Activated carbon cloth

Multivalent ions were preferentially electroadsorbed onto charged carbon

electrodes rather than that of monovalent ions.

[39, 40, 58, 61]

Carbon aerogel

Electrosorption preference was dependent on the feed concentration rather than

hydrated size of ions.

[9]
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$Z% RAMEE
SEET I

KET T B Bt ¥ 2 8 Fhe Table 3-1 #57 o

Table 3-1. Manufacturers and purity of experimental medicines.

T2 L BRe i BRAR B w
F g Sodium chloride, NaCl 99.5% Merck
N Potassium chloride, KCl 99.5% Merck
PRy Magnesium chloride, MgCl,-6 H,0 99.0% Merck
§ 4 Calcium chloride, CaCl,-2 H,0 99.0% Merck
b2l Nitric acid, HNO; 65.0% Merck
B ik Sulfuric acid, H,SO4 95.0% Sigma-Aldrich
NN Poly(vinylidene fluoride), PVdF — Sigma-Aldrich
B AL N,N-Dimethyl acetamide, DMAc 99.0% Sigma-Aldrich
rleg o Pk Pyridine 2,6-dicarboxylic acid 98.0% Panreac sintesis
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32 TR RS B
AR TR A TR A SRR WIT D E AR KR R A
3ok FEge o £ 54 F 4 F R E SRR A ¢ % (vinyliden fluoride, PVdF)
B SE R AR fe e ~ 30 2 7 A o FE¥R(N,N-Dimethylacetamide, DMAc)i% % ® » #-%
PR Ry & @ 4 4 9l R fevt bl o < A PVAF £ £ F A G 10%:E {7 % i% »
MR E G PVAFI0- R fr2 AR S 2L PRI A § T IR AR 2R K
RISK-BIDZ B HNEF S B 2 F R 12004 2 | B » x*ﬂi‘b,ﬁ?ﬁ?@é\- fs
WL B0OC M E ZAR R 2l 2 /) BF 0 SRR MY 4 ¢ DMAC it 59 = 24T
ol PEELE R S A 2 B F 5 % (thin sheet-like formulation) 7T &4 4L -

B s 2 GLE 2 10% 5 PR 1 427 % S & e ] T R T TR AL

BH R FI T F R EARATR Y 2 R BR A 4o Table 3-2 #11 o

Table 3-2. Manufacturers and model of instrument of carbon electrodes fabrication.

RPEHREM LA R EA Wi
L 2 Filtrasorb 400 Chemviron Carbon Inc.
T+ T XS 225A Precisa
E R DOV-30 Deng Yng
Ez R Tanker 150 ROKER
A WEE Color Squid IKA
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( Activated carbon powder + PVdF Polymer

Stirring for 2 hr { DMACc Solution

Carbon Slurry

A 4

Drying in an oven at 120°C for 2 hr

A 4

Carbon Sheet

v

l

PVdF-bonded Carbon Sheet Electrode

A 4

Characterization and Electrochemical Properties

A 4

Capacitance Deionization Process

[ Drying in a vacuum oven at 80°C for 2 hr

Figure 3-1. Overall experimental flowchart for the fabrication of a carbon sheet

electrode using activated carbon powder and PVdF polymeric binder.
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3-3 AL & & i 4
3-3-1 a2 SEM 4 6 4 47

B A B 2 BOBLB AR P B RS F g ¢ T AR (scanning
electron microscopy, SEM)J # & + % 57 F dped it 25 - T 5 L F 5
TIREERLEF HT ISP RE NP AP RS T REL G A

FREP R A 0 B2 A -

3-3-2 W & 6 fFE IS A I

PR RAM Ae ff 2 B EC A AT AF TR
Brunauer-Emmett-Teller, BET ' £ & f# 4 ¥7/% > ™M § § (5 %t 5 4 0 Rl E
7 AP ¥R 4 (relative pressure) T FM A ¢ 2 F F £ RIpHF F

gt o 0 BET 28355 U A 17 & mi Sk R AR H 2 0 4 6 f 23

&

FLaE W

Table 3-3. Manufacturers and model of instrument of analysis the carbon electrode

surface properties.

FREMLH & A5 g
kG AT R Gemini 128 Micromeritics
AR E AR A Ve UltraPlus Zeiss
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34 % AP L T FRFEA
3-4-1 1Tk k% i3 P B

6%k R & (cyclic voltammetry, CV)i & r2 % ¥ PF R el 4e > 54 TR 7
17 8RBT AT o M TR E TR A D - BRET o LA

Fendidy i 5w FlASAR PR 20 de Figure 3-2 ()91 7F © 4t JE T4 (F > #7 (7 5]

T~ T e e B9 0 4e Figure 3-2 (b) c EFL R ehE o BESHT BT
FHAZRINED € X TIBT ErR D LIRS & 4EA)[42] 0 4 Figure 3-2

(€) e Pl & § A A I PT § F BHIF » REMA LI R RET § 3
dA s T ﬁﬂ%ﬁ7@“£ﬁm%% Tk m iR ¢ GRS RA SR
BHDZARMOTFF B2 HET R L BF L LT A7 L&
CEATTEFRNEFHRRFZFIR TS AR FRELT LA B
THZFHT L LR RS PR R T IL BPAL BT 2 RS
SERAE I S TRAREEC L FE AR FY TP TINE 2 A

Bl TR BB E A BE T 2L o
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(a)
>
=
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[¢D]
IS}
(al
|
t1 t2 t3>t
Time
A
t, (b)

Current (A)

(c)

Current (A)

|
|
|
— >t
|
|
|
|

Potential (V)

Figure 3-2. (a) Potential-time and (b) current-potential from a cyclic linear potential
sweep applied to an RC circuit, (¢) Cyclic voltammogram of an ideal

capacitance.
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BAR Y 2 W RE 2R % > 4o Figure 3-3 & Table3-5 #7771 > 1 (F T 4&
(working electrode, WE) £ 4p %4 7 #&(counter electrode, CE)-#_14 44 5k (platinum wire)
A E LB Z 2 gt 0 %4 T f&(reference electrode, RE) 5 43-% i 4217 {&
(Ag/AgCl electrode immersed in a 3.0M NaCl electrolyte solution) - # i€ i% 2 5 7 i
% +0.6Vi-04V> piiaik s NaCl~ KCl -~ LiCl ~ CaCl, = MgCl, > 3+ 444
4v Table 3-4 #7577 > Ffs i FiEH T I mV/isfrSmV/se F 5% 782 K% F

TiRET A NG AR T E

I
C = ;
" D xm (-1

jo¢ v: FrdE F(Vis)
i T E(A)
m: Bt 2 F 2 (g)

Cpn: vt 2% E(F/g)

Table 3-4. Chemical properties of test ions.

Ton Charge Hydrated radii (A)*%
Lithium (L1) +1 3.82
Sodium (Na) +1 3.58
Potassium (K) +1 3.31
Calcium (Ca) +2 4.12
Magnesium (Mg) +2 4.28
Chloride (CI) -1 3.32
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Potentiostat

=)
3]

Sparge with

Counter electrode nitrogen gas

Working
electrode

Reference electrode

\ . (Ag/AgCl)

Figure 3-3. Schematic for the cyclic voltammetry experiments.

Table 3-5. Manufacturers and model of instrument of voltammetry experiments

FHREHAD LA & F A5 Wi w
LA %14 MF-1082 BASI
-5 81T MF-2052 BASI
EURLIE- A e CHI-1205A CH Instruments
44 %% - ISHIFUKU
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Titanium Plate

Separator

3-5 & =47 &% (Electrosorption experiment)

35-1 4+ TR R %

AFEE? AP NATRGRTHRZP DT =B ¥ - BLEHI AT &
BT A b A s THE TIRRGER T 2T F MBS v otk f i s
SR AR R U2 B B E e B S B LT TR GARA Y A A A
- g BB T L E S E A R R BT PR BRI Ry T
ELE RS R el g A B

4o Figure 3-4 £ Table3-6 #f7n » #+ & ;N TR & i o - B - B4 T
R O R e e R =
T2 mm > e R A AR LRI T R Y R
Rp gl h TR e AP HBAY TR ALY SRR 5 50mL -
o E R sEE JF 44 & 10 mL/min s — % % B 99 3k (one full cycle) & & ¥ pr 7
90 A 481 W PE R 00 A 4 7 Tk e THE B R TH(TREH E 0V) £ 90 &
G GRRHE B T T RAT S pH B R R ERIE B L SRS B
GRS S R R AR R ¥ S R E SRS
E

B2 dcdy > T AU T AR A AT

Potentiostat

) (>
0 0 0 |

—

Nanoporous Carbon
Materials

J

[
/ CDI cell Conductivity and pH meter

Inlet
(

N

Peristaltic pump

O

Stirrer

Figure 3-4. Schematic diagram of batch—mode electrosorption experiment.
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Table 3-6. Manufacturers and model of instrument of electrosorption experiment.

FHREMAD LH R EIIE Wi

CDI » &1 (R VE] FEELET AT
SR CHI-611D CH Instruments
TERY SC-2300 Suntex
i pH 510 Eutech/Oakton
iEd J MP-1000 Tokyo Rikakikai

A WEE Color Squid IKA

B kAT & 883 Basic IC plus Metrohm
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3-5-1-1 § % % B ok &

T 7 W B (removal efficiency) > ¥ 35 R T E T H “,/TT &S g2
iAo d XG2)E A
. C,-C
Removal efficiency(%) = ( £)x100 (%) (3-2)

Co: #7455 3Lk B (mol/L)

Ce: 't 72 )k B (mol/L)

3-5-1-2 § i

T 22 ¥ (current efficiency, feument) T3 5 i 425 B i5 7 B2 m S B g7 ik
BRI RFRAF o LT AR BN THRERT L T
[63] ° %% 2 ;%4034 (3-10) :

R (%) = 0 IC d) VE 100 (%) (3-10)
1dt

2P Gyt s BAm ek R (mol/L)
C,: % %z T =)k & (mol/L)
Viokiz2 #84(L)
F £ % ¥ #(coulomb/mol)
i a kP 20T IR(A)

F 1T (hr)

3-5-1-3 it i if 4
- 8 ECICEER S SLARPRT A Uk BRI -l LELESICHES 2P SR SRR § SF i)
i £ R 4F 33 H i JRi) 42 (energy consumption) i1 % F 0 3R kAL A AT P T E

GBI EWHL)E E 4 7 d (kWh/mh) & 72 0 %% 258 4eT ¢
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E= t (3-11)

E: kg 2 5 £ 4£(Wh/L)
itk 2R n(A)
ViokiRz 8 (L)

t: B EEER(s)

a2 LR (V)

3-5-1-4 % B B

v

ESR IR s N N L I A= S e s VAR L S J=y: s 9 7 & o s S
MU R R TP S B R s S R A IR o

Langmuir isotherm
PHC 2 B FFRA 2 RF Y o S Y 0 Langmuir Bk
1. SRS R E G 393 s o
2. BHFAFEFA G 4RI iR 4 o
3. wfes i s T e
4. wrg@i o HE L F b s G E S EfORFE o

IR E S

K,C
q, = A (3_4)
1+K,C,
FF et SR T Rk R (COT 2 F £ (mol/g)

qm: B~ %' % £ (mol/g)
Ce: & Fuz_ T f7)k & (mol/L)
Kp: % %

dodst ¢ (3-3)B il 0 BT A 7

38



1 1

I 1
- = _t—
qe quL Ce qm

(3-5)

21/qe 1/C, e 0 BT 8- A% 1K B EEE 1/qn 5P 87 258 0 7 £
%’F*,qmi KL°

dr# (3-4)k L Ce o RIT AT 2
c, C 1

— = +—C,
qe quL qm

(3-6)

P12 Colqe ¥ Co 1FB] » B 7 (71— A F 1qm £8E5 C/ quKp HE R A28 2 7
AT qu® Kpe s BT S 27 R BIER R R T4 g & st
Fol R RFFIRGEY R - B F 2 o REEF B o
Freundlich isotherm

1995 Freundlich 2 77§ » ¢ 5 - & 238 » B RSl e B E

FHeh FHBER > Ao LG 2R FIAE Y R TR

qe — KFcl/n (3'7)
FP Qe A AT kA (COT 2R E £ (mol/g)
Ce:ifedp @ =B 2 T 7k A (mol/L)
KF “n: # ﬁﬁ:
de st ¥ (3-6)B 4l 0 PIT A R
1
logq, =—logC, +logK, G5
n

d 7 Fe o U logge 4 logCe 1EH] > ¥ (7 - &5 5 I/nee 0 @ logKe B 5

#peo d 27 fdin 2 KFo
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3-5-1-5 % 4 F 5%

PURT R ORI - P Es 4 B0 KRR R RS o T2 R B 1
%4 #0538 * fLz % Lagergren rate equation » H 058 3 & F B A e v B2 R
Bk B 2 T iR 2B TR AT RHEARY > R LB g F A - Y £
Lol - cFTRMLAFICET S E F B RR EEF R U e d
TR ok TEd - AR B EF B 2 G T B fe 5N A4 H oo

=
SR BLEEEE B A A L

The pseudo-first order kinetic 2 2 3% 4=

kt
log(q. —¢q) =logq. — 2303 (3-9)
i v k : pseudo-first-order w2 :# & ¥ ﬁit(minfl)

q: PRt PR 2 R i £ (mol/g)
Qe BT R AR 11 2 E 2 (mol/g)
i# (¥ pF A (min)

3-5-1-6 P¥ ¥ ¥ #A 17

P RLFATREY RF FEDILATE B2 BoRTRIEET o TR
PR THEERT R RERESL S F I TORRR SN 4o (2-14) 0 E A

® P kA AELA ot (2-14) i 4 5 N (2-18) > TE a1 N (3-10)2 2 5% o

—ln(l—g =
Q, RC (3-10)

Iy tié‘%—ln(l—Qg) W0 PITE- A% I/RC #hE R N ({7 R@ RC @

0

[ER LR PR S

o
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3-5-2 # iRl i

BAFETP 2ZBIBRRBCG AL LR ET ARG T BT RREZ K
gt B R AT RS R RR
3-5-2-1 7 B iRl

EPRKPIZLE AT BT BT HY ¢ 2BREIHET L L2 B
EARIE N X CENE R S ?ﬁk@i%%m(g cm’ equiv. )0 A RE &
TR D A @I TE G2 FETEFEA PN - I 2 BT R RRY
HETRRHAAERRY 73 FF8p 3 FRE 7 FAEF ER TR
ZEFTRE T LA smt}_wﬁﬁgﬁ I ¥ & s > 4o Table 3-5 #751 » ¥ RET R
BEREFRESY BRI 2R -

Table 3-7. Calibration curve of different concentration range of target ions.

Yons Range of concentration Calibration curve Coefticient of
(mM) standards determination, R?

0.1-2.5 y =147236x + 8.83 0.9999

Potassium 2.0-10 y=141900x +22.8 0.9999

10-35 y =133400x + 153 0.9999

0.1-2.5 y=122971x + 8.16 0.9999

Sodium 2.0-10 y=119450x + 19.9 0.9999

10-35 y=112257x +98.4 0.9999

0.1-2.5 y=246143x + 11.5 0.9994

Calcium 2.0-10 y =227200x + 63.0 0.9997

10-35 y =205200x + 311 0.9996

0.1-2.5 y=236152x+11.8 0.9993

Magnesium 2.0-10 y=216150x + 68.1 0.9995

10-35 y =194914x + 303 0.9998

X : concentration (M); y : conductivity (uS/cm)
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3-5-2-2 #3 K 7 Rk w2

4+ & 47 & (Ion chromatograph, IC) 5 — fAR P A 47 &k » L & 5 d 5 2R
Trgtes s PR FLATRERLNEE TE - RFPELBHF AT E 15
Metrosep C 4-100/4.0 o @ 4] * &3 < 3 47 ”F? 11.(Column) % ] Z_4p (Stationary
phase) » /%% (Eluent) 5 #% % 4p (Mobile phase) > %”ﬁ’ d L33 E AL S E AR
2. T Ey e HArA 3 o ;gc) P aE G RERET A B2 P s Bfs L T E)
HEFBL R FHAE 0 F 2 TRE2Z B ERY 0 4o Table 3-6 #r7 » TF RKAF

FRtR S Bl 2 kR o

Table 3-8. IC calibration curve of different concentration range of target ions.

Tons Range of concentration Calibration curve Coefficient of
(mg/L) standards determination, R?
Potassium 0.5-8.0 y = 0.4830x + 0.0055 0.9999
Sodium 0.5-8.0 y =0.9262x + 0.0145 0.9994
Calcium 0.5-8.0 y =0.8319x + 0.0564 0.9999
Magnesium 0.5-8.0 y =1.6752x + 0.0463 0.9999

x:concentration (mg/L); y:peak aera (uS min/cm)
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41 ERRH A & A
4-1-1 F kT #& SEM & 45

AL 2 R TR & LA A & (TS A £ PVAF 7 S B F

Farglivam & 0 L0 B % PVAF &R B B ARF 4] FfIr HFHAT T8

Mot & B 52 # i BB h& G MOBLS HE o Figure 4-1 5 3 4

PR 0w ] 2000 2k B F B2 o TiRS D 10%PVAF ¥ 90% % 1t

RS Y 23

RAe® 22 {8 e Figure 4-1(b)#777 » 2 22 A & = 70 2 % (g (Figure 4-1(a))+* #&
b EHRAR A G XD PVAF REA S EFZRE T L5 TR TR

EBbRg g0 M)A i 5 T L TR PR R PVAF F1E G 1L i R ERAE T
B T2 3 P kS F LR R PR # @R i27] e 2t HhEY

FAD G F IR 10%PVAF 22 s % A T H 0 Bl S B B g2 R

Bos BT B IR [46] 0 F AN TSR BALS 2 Bt o o n AAD

T T AR AR F AT A -
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NCHU _E| 3.0kvV  X2,000 10pm WD 8.3mm

3.0kV X2,000 10um WD 8.2mm

Figure 4-1. SEM images for the (a) AC-blank and (b) PVdF10 electrode.
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412 % & 5 A B ISR

AT 7S PVAF 974 % 2 if L T 482 v & & ff 23424 154 Figure 4-2
(@)(b)#777 » 1245 Figure 4-2 (a)” 2 § f i iifd MW aip R4 5 040 p%
AR G AR 9 (hysteresis) B % o 1345 IUPAC 2 § F % %7 2( %] 5
Type IV & IR % [64] > 2+ 3| & % & HALE § # 3 %4k - @ & Figure 4-2 (b)# 2 3t
TR AR T e AR TR LR KT TR R T
100 nm #7 &2 34 HAE 5 48 o 2 BET 247479 204 & 6 ff 4 Table 4-1
SR 0 A 9639 mYg o B P eIt 0 £ G A § 4944 mYg 0 T 03k R A &

<} A w5 0.50 cm’/g £ 2.10 nm o

Table 4-1. Surface and porosity characteristics of activated carbon sheet electrodes

prepared by PVdF binder.
Pore volume Pore size t-plot microprous area BET surface area
(cm’/g) (nm) (m’/g) (m’ /g)
0.50 2.10 513.4 963.9
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300 |

250 |
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Volume Adsorbed(cm3/ 2)

150 —&— Adsorption
—O0— Desorption (a)

looL— o o o
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure(P/P,)

1.0

0.8 1

0.6 -

0.4 -

dV/dlogD (cm’/g)

0.2 1

0.0 T
1 10 100

Pore diameter (nm)

Figure 4-2. (a)Nitrogen adsorption—desorption isotherms (b) Pore volume distribution

for activated carbon sheet electrodes prepared by PVdF binder.
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42 AR TR HA
4-2-1 R R 2 BE
AT I BRREEF R TR TF ERA %“g."!&#‘r‘}é']%_
FANT ST A 0 M E 2RIz 3V R SRR TR A P2 & d o iRy
CRFTMA  FHA A RHTEE - BTRE TG FEDLO) > L R
Lo ¥ A A P 3V F B(mesoporous capacitor)£? fcit F % B (microporous capacitor)
BT [43, 45] o d FE e 20.01 M KCI £ £0.01 M NaCl 9% f2 575 i
v B2 IR R T F B(Figure 4-3) 0 R EB hdF s E (5 mV/is)T o B
TEBEL TP BRAEF - Ra > AMFRHEFIAmV/S)T » HF 3 &

PIBEFLDIE T P Rt B2 F RS % AT 5 iy ddffd 57

KRR 2B LT O R R » i B A G R
AT BT o FRm o d AP JUEINHEG  RB OV R ARE DR R
FTORMRIN R F LR LD Y Sk G e R R AR A
)% 2 T BER 47 ke dcFigure 4-3(a), (b) ¢ 0 B dyiE RS mV/sE T —04V

PR EAN T F 695277 g2l Flg -

#h 22 ARFREF(AmV/E)T o I 3 TG RIS PR E O T

T
]
&3
=

-
[
iy
3k
]
{w

_ 3+ £ 7 1% * (lon-exclusion effect) » 7 % F & 3 4o
MOSEZE MO At RIR T It R oG f A S L B - AT ST o Flt
4o Figure 4-3 #7717 » B pant T 2B AT =00V EF - d 333 privs

AR 2 v R EAPFOT R

iknl
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e
L
34
&l
"
E-D
5
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ki
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2
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80

1 mV/s KCl
60 F ——— 5mV/s

40 t

b
S
N

Specific capacitance (F/g)

(a)
0.6 0.4 0.2 0.0 -0.2 -0.4
Applied potential (V) vs. Ag/AgCl

80

1 mV/s NaCl
60 F ——— SmV/s
40

S
\

Specific capacitance (F/g)

. . . . _®
0.6 0.4 0.2 0.0 -0.2 -0.4
Applied potential (V) vs. Ag/AgCl

Figure 4-3. Specific capacitance of activated carbon measured by cyclic voltammetry
at fast (5 mV/s) and slow (1 mV/s) scan rates in (a) 0.01 M KCl and (b) 0.01

M NacCl electrolyte solutions, respectively.
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4-2-2 RERER2ZFE

HURERREZF &Y 0 UNaCl & T f2F 3% > T @ FE-(5 mV/s) & i (1
mV/s)eiiffs i & 0 H-ERARKI0M i 20.00IM > FE R T fERER 2
FIFZ TR HE LT Rt a 3 BRDOTEE T IR RLFRARE
Bl BZs- B2 282 T FEFEXDNT AP E LT/ T Ese
PogEd e pd B NIk Ee regaf42] o d R 2% % 5 (Figure 4-4)F o
BEERLOM 2 RIEREET > FHRARLT VT F ERA LR L 2B d
CBERZ T fERPET o~ SFH 4 (driving force) 0 @ A A FFETI VR P 0 & T
REEBRGHERTER ST 00 I3 P n (5% 1 BF - B bR
ERTER? > 2 KIVF N AR FRAARTRFREY o V- 26 AMER
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Figure 4-4. Specific capacitance of activated carbon measured by cyclic voltammetry
using a scan rate of (a) 1.0 mV/s and (b) 5.0 mV/s NaCl solutions,

respectively.
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Figure 4-5. Multiple electrosorption/regeneration cycles of 2 mM NaCl solution with

the applied voltage of 1.2 V.
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Figure 4-6. Cumulative charge behavior during a continuous charging /discharging

cycles of 2 mM NacCl solution.

Table 4-2. Cumulative charge and removal efficiency of charging/discharging cycles

of 2 mM NaCl solution.
Cycle Cumulative charge (coulomb) Removal efficiency
Charge Discharge Leakage (%)
1 18.57 10.73 7.84 88.62
2 17.97 10.95 7.02 84.41
3 18.12 10.97 7.15 81.59
4 18.02 10.96 7.06 79.56
5 18.32 10.94 7.38 79.35
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Figure 4-7. The conductivity value of electrosorption process of 4 mM NaCl solution

with various applied voltages.

Table 4-3. The pH value of electrosorption process of 4 mM NaCl solution with

various applied voltages.

Removal efficiency

Voltage (V) Conductivity (uS/cm) pH %)
0 min 90 min 0 min 90 min
0.0 480 430 5.86 6.52 10.42
0.2 478 413 5.86 6.61 13.60
0.4 477 354 5.87 6.60 25.79
0.6 477 283 5.86 6.84 40.67
0.8 478 226 5.85 7.09 52.72
1.0 478 143 5.89 6.92 70.13
1.2 477 51.4 5.87 4.73 89.22
1.4 477 67.6 5.88 3.84 85.83
1.6 476 68.2 5.82 3.69 85.67
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Figure 4-8. Cumulative charge behavior during a continuous charging /discharging

cycles of 4 mM NacCl solution with various voltages.
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Figure 4-9. Current efficiency and leakage charge of 4 mM NaCl solution with

various voltages.
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Figure 4-10. Current efficiency of different NaCl concentration by AC electrodes with

various applied voltages.
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Figure 4-11. Energy consumption of different NaCl concentration by AC electrodes

with various applied voltages.
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Figure 4-12. The electrosorption isotherms of NaCl by AC electrodes with various

applied voltages. (a) Langmuir and (b) Freundlich isotherm. The

concentration of ions has been analysis by conductivity meter.
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Table 4-4 The determined parameters and regression coefficients r”, K; and Ky of
Langmuir and Freundlich isotherms of CDI. The concentration of ions has

been analysis by conductivity meter.

Model
Isotherm . Parameter Value
equation
0.0V 04V 0.8V 1.0V 1.2V
Langmuir K, C m
8 q = it q 120.9 1345 181.5 2143 2438
1+K,C (umol/g)

Ky 51.93 170.9 699.2 1285 3113
I’ 0.918 0.968 0.948 0.939 0.980
Freundlich q=KzCY/" Kg(10°) 1.74 1.85 0.80 0.68 0.71
n 1.22 1.00 2.87 3.84 4.43
I’ 0.873 0.929 0.886 0.922 0.939
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Figure 4-13.The electrosorption kinetics of (a) 2 mM and (b) 4 mM NaCl by AC

electrodes with various applied voltages.
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electrodes with various applied voltages.
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Figure 4-15. The electrosorption kinetics of (a) 10 mM and (b) 20 mM NaCl by AC

electrodes with various applied voltages.
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Table 4-5.The electrosorption parameters of pseudo-first-order for different NaCl concentrations with various applied voltages.

Co 0.0V 04V 0.8V IKIAY

M) -k71 S-qe r’ .k71 S-qe I’ -k—l S-qe r’ -k71 S-qe r
(min"') (umol/g) (min") (umol/g) (min")  (umol/g) (min"') (umol/g)

2 0.225 10.58 0.994 0.067 27.83 0.998 0.040 63.29 0.999 0.040 79.55 0.999

4 0.262 15.44 0.988 0.076 37.12 0.999 0.060 76.89 0.999 0.046 108.9 0.999

6 0.277 24.59 0.996 0.145 51.60 0.999 0.085 124.1 0.999 0.073 155.6 0.998

8 0.225 45.64 0.997 0.107 82.92 0.999 0.080 157.3 0.999 0.077 196.8 0.999

10 0.279 50.28 0.998 0.136 89.54 0.997 0.087 158.6 0.999 0.077 194.9 0.999

20 0.379 64.72 0.998 0.232 98.04 0.994 0.148 162.0 0.998 0.183 196.1 0.994

Co 1.2V

M) k S-qe 2

(min")  (pumol/g)

2 0.046 84.14 0.999
4 0.053 131.8 0.999
6 0.086 197.5 0.989
8 0.073 230.6 0.999
10 0.076 235.1 0.999
20 0.130 234.3 0.998

S-qe, Simulation adsorption capacity
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Figure 4-16. The current decay of (a) 2 mM and (b) 20 mM NaCl by AC electrodes

with various applied voltages.

70



2 mM NaCl

1.2V

1.0V

°0.8 V|

0.4V

Cumulative charge (Coulomb/g)
N

(2)
0 20 40 60 80 100

Time (min)

14

4 mM NaCl

£1.2 V|
1.0V

©0.8V

*0.4 V|

Cumulative charge (Coulomb/g)

100

Time (min)
Figure 4-17. The cumulative charge of (a) 2 mM and (b) 4 mM NaCl by AC electrodes
with various applied voltages. The relevant time constants, calculated

according to equation 3-10, are marked near each plot.
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Figure 4-18. The cumulative charge of (a) 6 mM and (b) 8 mM NaCl by AC electrodes
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according to equation 3-10, are marked near each plot.
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Figure 4-19. The cumulative charge of (a) 10 mM and (b) 20 mM NaCl by AC
electrodes at various applied voltages. The relevant time constants,

calculated according to equation 3-10, are marked near each plot.
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Figure 4-20. The RC time constant of different concentration NaCl by AC electrodes

with various applied voltages.
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Table 4-6. The RC time constant of different concentration NaCl by AC electrodes with various applied voltages.

Co 04V 0.8V 1OV 1.2V
M) 7 (sec) S-Charge 2 7 (se€) S-Charge 5 7 (sec) S-Charge 2 7 (se) S-Charge 2
(Clg) (Clg) (Clg) (Clg)

2 962.5 2.26 0.999 1088 5.22 0.999 1115 6.25 0.999 1136 7.47 0.999
4 748.0 3.35 0.999 1016 7.04 0.999 1067 11.26 0.999 1056 12.38 0.999
6 522.7 2.63 0.999 625.4 9.78 0.998 664.0 13.10 0.999 827.8 16.16 0.999
8 651.0 6.01 0.999 749.6 15.72 0.999 827.8 21.71 0.999 857.6 28.25 0.999
10 660.5 6.53 0.998 732.6 16.08 0.999 823.0 21.77 0.999 848.2 28.30 0.999
20 444.0 5.54 0.998 502.5 13.36 0.998 510.2 18.79 0.998 599.2 25.92 0.996

S-charge, Simulation cumulative charge
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Figure 4-21. Cyclic voltammogram for activated carbon with a scan rate of 1 mV/s in (a)
10 mM LiCl, NaCl, and KClI solutions, and (b) 5 mM MgCl, and CaCl,

solutions.
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Figure 4-22. Cyclic voltammogram for activated carbon with a scan rate of 1 mV/s in (a)

10 mM MgCl, and CaCl, solutions.
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Figure 4-23. Cyclic voltammogram for activated carbon with a scan rate of 1 mV/s in (a)

10 mM MgCl, and CaCl, solutions.
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Figure 4-24. Comparison of the electrosorption capacity for different cations by AC

Table 4-7. The RC time constant of different NaCl concentration by AC electrodes
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Parameter Value
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Figure 4-25. The electrosorption kinetics using the pseudo-first-order equation for KCI

electroadsorbed by AC electrode at 1.0 V.
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Figure 4-26. The electrosorption kinetics using the pseudo-first-order equation for

NaCl electroadsorbed by AC electrode at 1.0 V.
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Figure 4-27. The electrosorption kinetics using the pseudo-first-order equation for

CaCl, electroadsorbed by AC electrode at 1.0 V.
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Figure 4-28. The electrosorption kinetics using the pseudo-first-order equation for

MgCl; electroadsorbed by AC electrode at 1.0 V.
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Table 4-8.The electrosorption parameters of pseudo-first-order equation for different cations electroadsorbed by AC electrode at 1.0 V.

Co KCl NaCl CaCl, MgCl,

M) -k71 S-qe r’ .k71 S-qe I’ -k—l S-qe r’ -k71 S-qe r
(min"') (umol/g) (min") (umol/g) (min")  (umol/g) (min"') (umol/g)

2 0.038 83.61 0.999 0.039 83.07 0.998 0.032 68.72 0.998 0.027 66.59 0.996

4 0.045 130.1 0.999 0.044 129.9 0.998 0.039 88.27 0.998 0.038 79.41 0.998

8 0.066 156.7 0.999 0.061 155.3 0.998 0.051 101.9 0.998 0.053 91.96 0.998

16 0.079 189.6 0.999 0.074 191.4 0.998 0.080 125.0 0.997 0.069 1153 0.998

32 0.102 226.7 0.995 0.105 206.1 0.997 0.100 147.0 0.995 0.098 143.0 0.995

S-ge, Simulation electrosorption capacity
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Figure 4-29. Electrosorption capacity of 2 mM K" and 2 mM Na’ competitive ions by

AC electrodes with various applied voltage.
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Figure 4-30. Electrosorption capacity of 2 mM Na” and 2 mM Ca*" competitive ions by

AC electrodes with various applied voltages.
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Figure 4-31. Electrosorption capacity of competitive ions by AC electrodes at 1.2 V.
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Table 4-9. Average water quality of ground water from Peng-hu , Taiwan.

Conductivity Total hardness Na K Ca Mg
uS/cm mg/L as CaCO;  mg/L mg/L mg/L mg/L

2041 326.4 258.0 9.49 64.75 52.56

Table 4-10. Water quality of laboratory-scale CDI cell.

Conductivity Total hardness Na K Ca Mg
uS/cm mg/L as CaCO;  mg/L mM mg/L mM mg/L mM mg/L mM
2200 396.9 250 10.9 10 0.26 60 1.50 60 2.47
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Figure 4-32. Electrosorption capacity of simulation brackish water of different cations

by AC electrodes at 1.2 V.
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