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Abstract

To improve the electrode performance in capacitive deionization, a multi-walled
carbon nanotubes (MWCNTSs) and poly(vinyl alcohol) (PVVA) composite electrode was
prepared in this study. The electrosorption performance of this composite electrode
was evaluated in terms of capacitive characteristics, number cycles, desalting
capability, and compared to that of commercial activated carbon. Results showed that
the MWCNT-PVA composite electrode had strong hydrophilicity, high mesoporosity,
and excellent capacitor characteristics. The cyclic voltammetry curves of the
MWCNT-PVA composite represented less scan-rate and concentration dependency,
reflecting better rate capacity for ion electrosorption. From the desalination
experiments of 0.001 M NaCl at 1.2 V, the MWCNT-PVA composite electrode
exhibited a larger ion removal capacity (13.07 mg/g), higher electrosorption rate
(0.073 min 1), and less energy consumption (0.038 kWh/m?) as compared to that of
the activated carbon electrode. The good electrosorption performance could be
attributed to the mesoporous structure that is less affected by double-layer
overlapping and then facilitates ion transport. Additionally, the MWCNT-PVA
composite electrode revealed a higher effective surface area of 26.04% of the
Brunauer—Emmett—Teller surface area, which was 10 fold than that of activated
carbon electrode. Overall, because of its excellent electrode properties and
morphology advantage, the composite electrode is a desirable material for the removal

of ions in capacitive deionization.

Keywords: capacitive deionization, electrosorption, multi-walled carbon nanotube,
cyclic voltammetry, activated carbon electrode
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Table 1.1 Comparison of average annual precipitation.

Country Precipitation (mm/year) Water resource (m3/year/person)
US.A 830 36500
U.K 300 3490
Japan 1820 6060
Taiwan 2510 4595
Average 730 28300
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(diffusive double layer) #5232 » 3+ 2 X F(FF 4 A X 3B H 4 gl

—u

B N E R R REAEARE 0 B e F B B bnbrT "% - (Porada et al., 2013)

Stern 22z
Stern P| ¥_#- Helmholtz &2 Gouy ¥ Chapman #7# 11 532358 (7 & & T 4 1Y

BrLofhEELG I RGP TA A NSPTEEEA S - SR LG

HEFREPPF L P54 972502 ntk FE 5 stern layer » T 3530 e vt & o [
i & diffusive layereSternt3& 112 T BEA AL § 7 2 T B4 ZmE L 4p 2o

4o Figure 2.3 o
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Anion O Water molecule
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Diffuse double layer
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Figure 2.3 Schematic of Stern electric double layer model (Electrochemistry, 1998).



212 R R £ oy

THREGD MM F I F AN TIRIGF A5 S TR > R e A 1999 &
Line et al.(1999)s#= 3 @ gt » § 34k & 4 ]3¢ 8 nmpF > d 303 ¢ h K
FAER G M RARICIIOR Y T R AT Tk A e
*F @ TR G ] ok o T A PEREFARER S S S THTT
M oATRt > B LERERZ Z R P T 4o Figure 2.2 (a)d A chgR s
(driving force)3 4 - #; = & F & P/ H5(compression of electrical double layer) -
BEAERFGE I PRSI FICIIFY o F P30 F AMTHZ WER D
T S SR 4 MY R BERM A ARV F Y TR AL £ T

s ko AR b o

N N
| (@ | \ (b) /
\ / \ //
\ / \ /

\ / \ /
\ / \ /
\ / \ /
\ / \ /
/ \ /
\\ / \\ 4
\ / A d
/ > s
\ SO
N N i N =" e~
| | | |
| d | | d |

Figure 2.4 Schematic of (a) compression of electrical double layer and (b)double layer

overlapping.
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ER RN S A TR S

Ry R 5 S5 8 g+ - g8 (International Union of Pure and Applied
Chemistry, IUPAC) % % > % 5 3%k (nanoprous) » % = #& (4 Figure 2.5) - E 3%
(macropore)3t j= = >+ 50 nm > ¢ 3 ¥ (mesopore)3t = 4 >t 2nm I 50 nm % g3tk
(micropore)3t /T > 2nme 7 % 2 3+ HpFi & G *ﬁf TRin 2B A fo
BEapI L THE UG TIRTY 2 TR R }*Jc SRR 0 i
BREFSLFIYPF FH2Z TR LT ER ZERT RMMZ Y E (Oren, 2008;
Porada et al., 2013) :

a BEFTERWERE > fTRIEILEF L i

b. 23 24T

C. 7 FIPEF HAE N it |

d A2BpHEZZFT -T2 2847 8F R

L TR B (A R ALY

ERL G AFETHREF L M SR ERY 2 ERTE o3 K
MEF FAai F e g 20 Fonfit DB 5 AEamET B2
TEERIM FEFITRGITRL TP - RIFEFAL P ¥R * 3T
P2 3 R IR o A D RRF G AR~ B R Y IV F R E 0 B

B kP e F A g
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Macropore  Mesopore  Micropore
> 50 nm 2~50 nm <2 nm

> € 2l e ¢

Figure 2.5 Classification of nanopores according to IUPAC (Porada et al., 2013).

AR Y T F 3 AT AR T Bk 4500 1960 £ % 5 0 e -
#y B it 7R B E4_1995 & Farmer 22 H A7 5 B> 17 BLF R K
NI ECERE £ 2R T TR R R TR 3 EC I

FELE S BRI  B R X R NIV AR R - s v E P R B R A e

Figure2.6 -
Study on the effect of micropores
2012 Selective removal of nitrate
2011 Effciency increase by surface treated electrodes

2009 Application of graphene based electrodes
2008 Application of OMC

2006 Application of CNTs-CNFs
2005 Application of MWCNTs
2003 Electrodes with addition of TiO,
1995 Application of carbon aerogel
Time gape
Figure 2.6 Timeline of scientific developments of CDI electrodes since 1960 (Porada

etal., 2013).
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2.3.1 B # 2%} (carbon aerogel)
BAF ARG - REFEDZ NI FRM LG L ET PR S
Lo B A B enRE Tl chz e AR R-EME R
¥ = fiw(resorcinol)¥r @ gz (formaldehyde)#t & = 1 ¥ = fi=— 7 pg(resorcinol
formaldehyde, RF)F #45&% » MRk ok & & 7 ic%k 2 "f—ﬂ voeE A o R
FRORBE TRAFEAL TS X 0 2 LG 4+ 5 4+ 400-1100 mg R
(Halama et al., 2010) -

R AR SRS R Y NTFI AT N3 K SR 01995 EEERY G
PG A B RS % 2 o Farmer ¥ 4 o 1% BF SR A kY 0 NaCl &
NaNOz &+ » F1 % &k 6 * OV I 12V g REBEFTR % > B d o3 “,f%xicf%"
Bor e RBL L2V R R FR AL 100 pS/em & 7R 5% 0 A pong v
EF 9% T FRESB DI TR RF AT RO EET S
6% % 8% - Jung et al. (2007) > 12 50 mg/L NaCI(3£ % & 100 uS/cm) > i * 100 ~ 200
2 400 mL/min ey i (TREE AT R L 152 L7TVREFTEFIHFFT %
F % %% Mo E 4 TR L5~1T7 Vg 2t 400 mL/min B2 5 B .ﬁvi%?ﬁ:% .
- AR e 5 il LBV 2 LTV shid fou g § it 92.8%% 97.6% -

£3 R R ET pH i AP B

13



2.3.2 7% 1k (activated carbon)

AR & A1 B aViF B 7 P o dopmag(coconut shell) ~ A 44
(wood) £ ¥ & (coal) & - & {7 g% i* (carbonization) 2 7% i* (activation)# ¢ g i @ =
BRIV R GRA I A enitiF o B SR BT (TRIVF Y 27 B2 FooRH
s LG FR A o F P O Y EMR T A 5% et 3k (activated carbon granule)
2275 g ks % (activated carbon power) s fasg Al > B o AR S B T AR e
B AR ORAIL  RASS B R

BV R R & R #-pr 4>t 300°C 1 600 °C(Mohanty et al., 2005) » & & #-J 4

P g b T E R AR L0 (N2~ COenif 2 T i (7 » 1up ik
it g R gl (ke T E ) BRI EARY § )
COx% Eib(ta)E 4 T A4 o5 BAfReHIEA 397 4 2 3V 145 g4 F(char) >
d 3 A B iREAR Y AN 2 FUF SRR T BARY Z A SRR THE 4G
2t Em A I G B IEFS i ofr TME L A K 1 F IR
REASAFREZ M 5D 50 F Baga BT amckoa i FE 0 REL
i BRI (S e B R Y LR P 2 700°C 1 900°C chiE i T R (T - K AR fEeD
Fle > 30fIR g atip 2 1 g 4 > IR It ek o

FHRTIERL ST F Y BRFARR T F A M He 2 NIV R R
PEPREF RV AR R BREERZEEET F Z R B RGERA I 2 B E
A RRADAL S SRS AR TR EE T F A5 R E S (PVAF
PTFE 2 PVA %)i%7 2 2% # » g7 4 & 15 4 T #%&(Choi & Choi, 2010; Park &
Choi, 2010; Park et al., 2007) - Gryglewicz et al. (2005) » 12 % g iT 2 R flek (v 8 B
% 850°C T i A fp e it & SN2 R R B 5 73 R E IS e R b

AR TR T BT AR B E AR A R R T

=
%
W
X
SNy

AR HPS B EVET TR G PN RBA RN AT FEE 2
THREL G LF i B o

Choi ¥ 4=t 2010 # i * I gi-KIEhR i & o % (polyvinylidene fluoride,
14



PVAF) i® 2 &k % & &2 i ek >t = 7 4L o fpsi(di-methylacetamide, DMAC);% i #84%

RS EIT I P R T AR o Hou B A3 2012 E ST R K 0 WEF
PVAF et G 4o b 3 % B 00T "5 o fad 308 M 4 6 oh3 5F 34k PVAF
BoE -l Rk o de Figure 2.7 0 @ F)erd] T2 mr_&t”‘f@mj‘%n L ARF A Bk
2B AFEES > FPFEFKOH ? 24hr 12 KOH 4 4 5 > 3 4
BT R AR RS FIR AR KRR R R A (S TR &R
fiz4e » 10% PVAF ¥2 40% PVAF #r 8l (T s B pl @il » 0% 47 B 5 1.2V >
BiRER S 2mMM(E R B 245 pS/em) sk BT o s E B 4 W) 5 445 umol/g 3
173 pumol/g > F B % 5% 8ot » SLF T4 » TBEF RV HH A RHFEERDT

FS rf‘!:i&%lﬂ o

L3 ‘
X300 10pm WD 82mm

30KV X2000 10zm WD 80mm

Figure 2.7 SEM images for the 10% PVdF and 40% PVdF activated carbon electrode

top view and cross-section view (Hou et al., 2012).
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¥ - 2 & > Wangetal. (2013)= }I%t’ & % A (ACsL ~ ACs2) ~ p= 7 Bt
"2(ACph) 2 % jé " (ACKL ~ ACK2 ~ ACK3) i RAlz jd et » o > Rlena f s
ARIT N AR RIS A AT E LA G fe BT e el B 2 R
BAEFAM o RIp L AE R R g WD Figure 28 77 S %A
TR AR ARG T FRE e F R A or I R R 2R
B do it 2 HES - 4pr a3 0 5 LR LG fifeit o 2dp
HEEHF BRE 1Y a4 Tt AR PR S 2LEE R LG fenPhR
PRI G LAF gk o
TERERTTRAMF  THRA G LA RFHES 25 -FFY P2 - o
B 2010 @ Park ® 4@ % B g Mok F A4S R E R % (polyvinyl
alcohol, PVA) & i -k 2 2 B &+ Rk & ¢ Y 7 - Rl ck- 500N - EIPE - -5 W4
Goorl T2 E R TR T 5 e 5 T44~803F/g- @ 1 R L FE el iTa &2
AR TR T B 5 80.6~99.8 F/g o 1t i R AT 0 R FA TS 2 E
AMETET FEE > REMKL ¢ G ElE D AR TES N 13.3~30.1%
FRCE Ao d YR L R enRLR AR G 2 AR KR hd iz (Park & Choi,

R?=0.9071

g =
o (6]
T T

w
(4]
T

Capacity (mgNaCl/g)

w
o
T

ACs1
25 M 1 i 1 " 1 i 1 i 1

800 1000 1200 1400 1600 1800 2000 2200
Specific surface area (m lg)

Figure2.8 The relation between electrosorption capacity and specific surface area

form various activated carbons (Wang et al., 2013).
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2.3.3 & tHpd g s (activated carbon fiber)
M g et 1969 & 4 Kynol 2 P el o A& M RF G
(polyacrylonitrile, PAN) &k ~ SR % S8 ~ fopeptia e ~ gy e+

(Economy et al., 1996) » ** 700-1000°C = % i B s\ Z § g 4 © £ (7

(Brasquet & LeCloirec, 1997) - d *M i pi s a L 3 Sk anigip gL 5 < €0
Heab i S LItk o BT A G 0 AP EOT B PRR a0 S R 70
PP d BV SRR BRIAGF o FERRAT E Rqr A

WA G AR IV IR R Rt 0 & @ A% 5 1000-2500 m?/g FF (Ayranci & Duman,

2005; Lee et al., 2006) -

2.3.4 @ 3\ g%+t (ordered mesoporous carbon)
m IR U AR WIER SR T g iy
F1P 3R B 203V Ik & o] o HiEdR 2 (template synthesis) o fx0* 5 3b el g

B 5P EASBHIRY NG L AR L HE A Bk T

o

WAAURF B HZIFHF o RREF DT T A L H S 2
(hard-template synthesis) % #x ;¢ #-4= ;* (Soft-template synthesis) > = &= ;%355 #
RE L3N E T FHy B D T3 BRI G@ P FANTET ERE
%4~ (Liang et al., 2008) -

a. AR

A o2t 1080 & S48 d Knox & 247§ B0 % 325 B R

&=

=

BELTR S B JI* T AT ITN 2 P SR E G RS IR
B I 5w 0 SRl (TR -
i WH - F AR
ii. B EFIZEVERSR L b2 0 B
il T SR e T

iv. B R R R
17



HITRILA &AM § CPIRIT AR SE N SR DA T

R AR = R SRR R LS

b.  #rs\ i 2

A EES S Mobil i & P8R4 1092 & 11— 45w
BAEF 2N om E AT S (template) o B/ iS¢ IV A 3 F—
MALS > PP IV E2 » F G RF T F2PF PP rF 2R
e B EAARY o Sy EE TR A gk (self-assembly) )
S AMARE AL ERE S §F LY TV AT o R SRR

A N7 o i MCM-41-MCM-48 2 MCM-50 = = #g > 4e Figure

2.9 #77 o

@) (b)

Figure 2.9 Proposed structures for (a)MCM-41, (b)MCM-48, and (c)MCM-50

(Advanced Catalysts and Nanostructured Materials, 1996).

#2008 & Zou H A @ * #r;N 0 o R G AR P123 A BodE o BliTd
B4 4RI PR F T R AME(OMC) ¥ 8 AT R Ao A
YRR R G AR 3 PR TSR Bk o R R 1 mVs

ER S 0LIM cANaCliaied &7 IR RE 2 F 5% o B XA > 7 LR E B
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Specific capacitance (F / g)

80
70
60

50

BT e T F HcE s W 5 133F/g 2 107 Flg > tdp e el ik 2 o @ Gt pd
A G B gkt 4 oo Figure 210 ¥ s g - enig * TR RS T AR
AT RTRE ) A% AT R E 12V NaClazkR 5 25 ppm(ET R 8 5
50 uS/cm)pF - P 3V F B 2 E MR T R E 4 B 5 11.6 mg/g 2 4.3 mg/g o
bR R EEREN P IVFRTE T Lk “f EEAR A I VA
o oravip @ @Rt A Vi SR LAY {TAES BT - R F] -
3 é;:ﬁﬂ#q‘tﬁ'JJfﬂ:i:rﬁsbzgﬁ.‘sﬁ;& Heit ik endic® 0 R BB TR v 20—

(Zou et al.,2008) -

60
(a) (b)
50
T AC
£ a0 E—
\ 2
' f—_oMC 2 .
\ T = 30 - e OMC
» ~—— z —
\ T~ = D
“m =
£ 20
—_AC 10
B
1 L 1 L 1 . 1 . 1 )] 1 1 | 1
2 4 6 8 10 0 20 40 &0 80
Sweep rate (m V / 5) Time (min})

Figure 2.10 (a) Comparison of specific capacitance obtained from CV curves with
increasing voltage sweep rate for AC and OMC carbon electrodes in 0.1M NaCl

solution. (b) Electroadsorption profiles of NaCl on OMC and AC.
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24 5 R N RCE RN R F A A
24.1 % B3 K ¢ E (MWCNT)

% F o %0 1991 &9 p A& NEC 2 7 Sumio lijima ## 4 » &f]* T35 F
EF Tl Coo Pt IEHEATE R 5 TEM BB 5 5 B2 K H 4

Figure2.11 #771 -

Figure.2.11 TEM image of MWCNTSs (lijima, 1991).

AAMEEADGES ETE ARG PEPET - FARET L ZEE
% s B¢ (single-wall carbon nanotube, SWCNT) 2 % k=% f % ¢ (multi-wall carbon
nanotube, MWCNT)# fa5s 4 » # ¢ MWCNT % % & SWCNT 12 fe < [f] 3 34 3 dp
Mo 2 iﬂ%‘é“éf#oSWCNT LB 45 A 0.8~3nm MWCNT B 4 *+ 2~30 nm -
Pl e 2 AR h NG 1Y 8§ 4p 2 (chemical vapor deposition, CVD) ~ &
bt4x48 % (laser ablation) ~ & 9% 2 T j2 (arc discharge) & - 133§ BHch3 - &

k& FF5 5k (@armchair) ~ 424 51k (zigzag) 2 % 4 (chiral) = * #f » 4 Figure2.12 -
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PI* TR B YWIT2 K RE AT 77 3% 5 &l A 4~ (byproduct) - F]pt F

i {7 % i (purification) e B 0 2 K %Ei}iﬁiﬁéﬁ%f’fﬁﬂﬁ% PONFE o VEHRG
& ehF 1 F(Oxidant) #-5 & 4~ 2 i AR e it 2 NG T T e
AR AN BT R R o H Y s B s R
Yo (g * AT 2 S RE 02 34 0 M HNOs 1 2 5F Bl g 8 (7 60 1 f i Ao 3
FOBLE R 2 AT T A A SR £ G 2 Sk E 4 (Aviles et al,
2009; Saleh, 2011) -

ZoEALE AT TR HARS B FliRy L RR AR ET e
IR & & AN %K/’v\@%“ﬁ*??% PR E R REFERTFIRFI MY
Ra o P L Y 5L F KR ug & Wy BT pRET R AR RIRE
FEEE o
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2.4.2 7 B B AF & 3¢ T 4&(carbon nanotube-carbon nano fiber, CNT-CNF)

52006 =% LG Ay MR FARTAE 0 AR BT A K RLE B
MAFENTHE FRY T F LA Y o CNT-CNF £ M8 & ~ & (73
TEEHEFR Y 2ZBF S P AR TG T KR F T H L 0420V
HEEFINEFET K THRME G VFOSORGHE > be Figure 2.13 #rw 0 &
2R s NaCl 3 ik £ 5 24 end K,ért »Z % (Wang et al., 2006) -

Pan et al. (2009) =%#= 3 # > Figure 2.14 & * CNT-CNF % & * NaCl -
NaNOs % NaxSOs = fa 2 7 40 e B 3+ 7R3 /% > #8351 CNT-CNF T &7
s cE R PR % SRR RE G DSOGaRREE T 0 B R s
kEX AT L R R A EEE R HE R BT R E L SO (3.3
A)>NOs(3.35A)>CI'(3.79A) » NaCl £ 4 g ez £ 2 0 ¢ 5 8cim > # % 4

NaNO3z 2 NaxSO4 °

110
(a) e (b)
=100 e Y 50 &
£ 3 s o g ey 0.4V S
Egn t ,_r"' 108 h‘a‘l-..-\HI—-ll—Il-| ‘45%
7] ; y 3 . e, 0.6V
= BOp lI:.I _’j_ = .‘H;h L T -\3
> 0 ; © gy, 08 v]0 2
3 0 N / 5 ¢ il S
T 60} 1.2V (™o ae ; — S 10vq3s g
g St w |, 2 e |02
g BOf —, 7 - E 12 v4{30 g
O - 4'._'_'_ ) —
G 40f o ol - s S “wrapna20 V)25 ©
30 L 2 L 2 N B : N . N .
] 20 40 60 B0 100 8 o 5 140 15 20

z Time {min} Time {(min)

£ s 3 3 1 a " ()

B . £ L 5 L N |

E L4 : n " : | : o = : L ]

- i . i H i : i :

A L s u - u | L] | 3 .

= ] : = : - = = =

g o oy of Y Yy

[V

s 1 Y ¥ y v iy ¥ i

s

s . . . . .

4] 200 400 600 800 1000

Time (min)

Figure 2.13 Electrosorption of NaCl solutions by CNT-CNF electrode (a) one
complete charge/discharge cycle, (b) effect of applied voltage on electrosorption, and

(c) recycle electrosorption experiment of our unit cell (Wang et al., 2006).
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60 20

gﬁ — ; Electrosorption Capacity
2 s0b | {mm [T Capacitance
3 : 2, 116 ;:
2 a0l U o
i " i — 5 4 ]2 §
S 30 - P
=

k- it 48 £
& 20} S
z o A| M
§ 10 ‘ |
= |

0 ' ‘ —L 0

NaCl NaNo, Na SO,

Figure 2.14 Electrosorption capacities and capacitance of the CNT-CNF composite

film electrodes for different solutions (Pan et al., 2009).

243 z K p g F A & 3 T #&(CNT-AC)

SO0 ME PR T AR AT e e A e B8 0 R ey 42 0 Zhang et al.
(2006) » A7 5 ¢ r4F AR AR i -3 K BLE TAR YIS MR > Figure 2.15 0 A &
AR AR SR & N T HR(CNT-AC) & 7 R % ' F % > T iE ¥ 4o x
10%CNT & § # i 5hd ok > 12k & 5000 mg/L 0 NaCl ig {73 4 72 3 e
ANTEHR & TREF VAR RN P HEPRTEAT ST SR

B0t R AL T RS 6T% 05 R A o

%
B

SEI 10.0kV  X50,000 100nm WD 3.2mm

Figure 2.15 SEM image of the composite electrode with 10% CNTs (Zhang et al.,

2006).
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244 2 K pE B RPEAE & 3¢ % & (CNT-CS)

AR GEBE R R P e 25% 4 7 R pE(chitosan, CS) iF & AkF &0 2 f KA R
PR R F AR AR od 8T RPEL AR F R Tk R 4R A
ERTEL KB AL RN 0 AA R LT RMER S 86.0° 0
CNT-CS # & 5 565° A k&8 i gk #riplF i)iifkﬂ A AR
CNT-CS Tti 7 MR & & > 5 fI L g &R 7> x F1 A~ Ry
ARG B UAF sk o F %P hd Kf rr gt 85%  EEAE B

25%¢t F (Zhan et al., 2011) -

(a) ' (b) .

Figure 2.16 Photographic images of water droplets on the surface of (a) CNT and (b)

CNT-CS (Zhan et al., 2011).
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245 F »+ B & —F e % E(PVA)

RO B RO A I AR A S A S e R
AEREFALE AT HERRR AT 2T LT IR B
g

EE A o

Dh

Y o

& i fig (polyvinyl alcohol, PVA) » 4 3% -[CH2CH(OH)]n-(Figure 2.17) » &
FEFAL L g e L enTR BT 2 7 BB oK RE BRIES o rhRG 6 4k KRk
Hitprge 2 B4 BaRaBREAFTRES 1 E 5 1.10~131g/cm® > g3
B R % 60~85°C> 3 EL% 200°C» g /2 2 2 100°C r1fs ¢ B4sA 2 B d %
Lo FF 4R 3 160°C ~170°C P ¢ & 4 ftit 2 303 2o d 2t & 5 547 (R-OH)
BHREFERE S TERESEL G TG VAR R AR ER
A% A2 B B O& B (M.W.=250,000~300,000) ~ & % & A (M.W.=170,000~220,000) ~ *
& (M.W.=120,000~150,000) & ¢ & & A& (M.W.=25,000~35,000) 82 £% . 2 ' fi%
ok A FRESF RAPREOTHE B RB G A FREFRIBIERM S
PR B e GFME G VW@ TR BFS A RREE FRY RA
dtH B4 R A K ARG A A S T A WIARToRB R T

FALL R G oA - a8 (F A HE S B i)

—ECHZ—CltHﬂT

OH

Figure 2.17 Structural formula of polyvinyl alcohol.
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2

TEL R GRS LA R AR A B2 B d ] B

BEM AR P RT AL AHE(AE X4~ BIER 0 2009) -

a.

A
[E20: )

EAT R SR B h A3 b Bend0% A B AR (F

B 3 A R e F M o

—ﬁ)_ E&ﬂ:

~
AR R SR A RO G R BRI S

BT L R e PR R B e B R R R R R ST e
FEB R GRS R A Y e B EHQITD T
ZLER 0 L BALRE O NEGE v A~ B PR KRR H o

ST GRS RS R g Sk d T F 5 R
AL ONEH R R K F AL N F R TEEH -

FERSET R YRR pE(polyvinyl butyral, PVB) & R 2 4 f o
T ORERR ‘F’ EF RATA, A iy A £ R N 2PN & en
ok o
BT TR BENRRL § LW FRE A e r K

2
Rio7 A PORS R (4 ¢ W~ W) -

N

Fe G R FEE AR Bk e R d R ki

FAHF D oo Park & A3 2010 # 0 R L WAR TS BT R

ZAFR S ARGE G LTI FEMTIE T T FRB L e

REAPREEF A 2R ARG A LTS ARFR T 2 B R T

> W 0O5MKCl> #Fprig & 2 5mV/s T2 7 R RE Z Rk o B R BT 0 R

o pE R AEFEAR D TELITA S eE R TR BT F#E 43 89.6~99.8 F/g - #1

R S AR E A2 A B T 4R F e (74.4~80.3 F/g)# & 13.3~30.1% o 4

RF R R LA FRES RBER M E AT &R G 130K

ARBTARE G R TP R AT L@ 2 BEOTE B B AR E o
1 €
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g Vs

it

FoRFARRAT R AP OER P ER LG AR

EH

kN

B0k SRR MR SR T RS Bt f kel T IR Y D

‘_,‘—h

THE L o m AREFRDER > AP DF AT RES FLAEFH
FRAAHETRAG AEFFP G AR R T ES DRVFY RS
B2 A ALY AN AR R TS Y F R TR
f2is 0 L 1 v‘gw gl P IV RG22 SRR K ALE BB G Ak
FAFREFRL G WIENR AR R FREP 6 TR DO

CRAMB S MDA Y EFHH  ERUREN T R # v
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3.1 S K &

3llf %%~

Ji
s
1
A
J
W
%

Table 3.1 Manufacturers and purity of experimental medicines.

ZErd 2 Lf BRmc Lff R R %
F (b4 Sodium Chloride, NaCl 99.5% Merck
R Nitric acid, HNOs3 65.0% Merck
Foe s Polyvinyl alcohol, PVA M.W= Sigma-Aldrich
SRR Polyvinylidene fluoride, PVdF — Sigma-Aldrich
L N,N — Dimethylacetamide,
-7 Ao pix 99% Alfa Aesar

DMACc
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312 2 a3tk B H

Table 3.2 Manufacturers and purity of experimental activated carbons.

x5k LT 350 W H

F-400 /& s Filtrasorb 400 Chemviron Carbon Inc.
PR S MR WH-0830 Li Jing ViscarbCo.,Ltd
O AREY e 23 LF-4030 Li Jing ViscarbCo.,Ltd
ERABCY Ed - WOD-325 Li Jing ViscarbCo.,Ltd
SRR A RLE Flo tube 9000 CNano Technology Ltd
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313 F %K &

Table 3.3 Manufacturers and purity of experimental instrument.

R A% Wiz f
I 6 R 60 mesh Retsch
T4 HR-200 AND

BERER Color Squid IKA
Bz DOV30 Deng Yng
g RA Chemker 411 ROCKER
53 TR MF-2060 Basi
g AR CHI-627D CH Instruments
CDI F & A L EREFEF AP
BT AR SC2300 Suntex
P d & 3 pH 510 Eutech/Oakton
LEE JT MP-1000 Tokyo Rikakikai
Frdo 3\ % B pA S-4800 Hitachi
¥ F BN IR 2020M+C ASAP
AR SR I = e 460 plus Jasco
* G ARAE o & DSA100 Kruss
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FAVFERT AR
3.2.1 #E a7 #&(AC electrode)
a. AR

AR P AT Y 2 E A 0 528 NSF(# R RdF4 A £ ¢ National
Sanitation Foundation)4x * -KZuz8 2 /B ALRER » >Ppi ~ B ~ ¢ R EER
WEARY FlEMR AL LG s BB RF LT A s FERB AT REFT T
AN B kR B EN B A G 2T il VU SR T SR P

R R LA D o BB g 105°C o 24 hr £ ok kA

b.  EHERIE AT

G BT AR SER T 2 B R 0 R B R ]
AR 0 R AR S T T RS EEOREE 5 A NS RE
FRAEARFT BT 4 kR B 13z < o) 60 mesh(25 mm) 2 152 3 & %8 (7 i éF o A

FEe v @ kT >t 60 mesh 2 S MBS ] A AT 4R o

c. FHATERAA
i. Peibr 2 BB A 36 g4 RiBE R A 10wt%(0.4 g) R H &
z JT;;{ SmL=- " ﬁga ﬁjﬁ,‘g_ﬂi‘.o
ii. 12 600 rpm z_ #& i T HAE 2 hro
iii. BPIIn g B IR JJ{*;I»LL/—;E Pa B~ 1.59 B *4xd0 (@ # 5cmxScm) > &

R SR LI

iv. B E 74 ¢ 1 120°C & 737 2hr o
V. 2 80°C &+ 5 50 mmHg * 2 hr & % TiRE B PR G BB RIS TG

AR AR
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3.2.2 7 A EE-F e FEAF £ 3 % (MWCNT-PVA electrode)
a. A ABE @

Aok EEITERY S F R AR EU A EFEY
RABEEEHEHEFNME A Y ARFEARY TG EFR S D
B TR e U F O RE o SR D A & B IR RS S
HEMAPE > 295% 7 &% 3M HNOsg - 2 g v it » Hham(indg)
it 4e Figure 3.1 #757 :

i P~050 2 FAF 5 250 mL 2 [f]A%¥g > 4 » 100 mL 3M HNO; » 1

PRAARTBARTIOMInG RAFEIDI AFABFR o

ii. O b B R SN ME T AR E R 120°C T n 3hre
iii. FREIZES I oz K aE & SMHNO;s 4~ 3

V. S RRAFARE AT Y POREY 29 B pH L X4 5 3] 6

V. BEieris2 3k 'Fﬁl\? U;}‘J"P Wip e 4 Kf ko Bts T3 105°C

v 24hr-

b. FARE-ReGmAFE A TEUA
I. Pre BiLiEsZ AA M ER 200504 » THREE P A+ 50wi%(0.05 g)
o GipEE AmL ok e
ii. 12 50°C ~ 600 rpm z_ & T 6 hr -
iii. L Z R ~ 600 rpm zo iR T 24 hr o
iv. BRIy Rk 2 KR E R0 12mMLER R R o TRE

hH g o

V. BYE 2 de¢ 2 105°C i& 756 2hr e
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0.5 g MWCNT 100 mL HNO, 120°C reflux for 3 hr

Woashed with D.l. water Purified MWCNT

Figure 3.1 Purification of MWCNT.
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32 KV FAH/ITIEE G P AT

3.3.1 # 4 7% T + B s (scanning electron microscope, SEM)

TR T FHREMREZ BT Ry TERZ 2 N RN A S F 2502 - <RI
W R #-EF RS B Y 105°C 20 48 24hr 2 ",4rt % %ok A iE- HR-FRS T A 105°C
2 B 7 4a 24hr 2 G Ao HRIVIF P RS 0 TR S F RPER A TR T AT
S S s o RIS 1Y B RRT BT LR 05-35KV T H- B i B
T & & (electron beam) » HiFE R B EHE 2 FHh NE LT F LKHIT 232 F &8
HAZpBEFZ BFRB T AT F RER AT T T F 4 - X7 FF 5
PEZ AR FAL M EEF RS A A A ol - T3 WA R
FesP2. T3 AEL 0 SARME A .éﬁﬁj » 3 EdRsAE (CRT)E = i RIRT F 7%

Yo Flesg 33 0 B R € 7 73 I (Nanotechnology Demystified, 2006) -
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3.3.2BET +* £ w B Tk

FIfAARE AR THRLIGF XA TR LG ol A2 THERE T
2B R FoF ETHHEFESGE R as 47 o BET %4 % 1938 £ d
Brunauer ~ Emmett 2 Teller 73 4} - % ® § § 23 'f L 2 HR 4 £ T ok &
2= —"Ff Frg@dd RE > 5§ =5%4d s (Handbook of Heterogeneous
Catalysis, 1997) - 1195 B35 1% o 7 #svgd s 5 =+ #g(Figure 3.2) ¢
Type |

pUAB OO X AL 5 Langmuir Bt o AR SR 4 (P/Po)ig ) T 1R 0 & AR
S MR AR LS 0 4 IR % W 2 3T B 5 At (microporous, 3t /<2 nm)sF 2
Fode DA~ BERE
Type Il

BLIR R B 2T @Ik B £ E 4t (macroporous, 4t E>50 nm).g 2 4
ALoBEZ R R FHME R 2R FFZ AR S FRA 4 R
TG F Rk i oo
Type 11

2 Type Il Ap iz » g2 3R 9 77§ 3 4 30 m 34 F S &8 £ 3¢ (macroporous, 4 /3
>50 NM) 2 HAL > BB R A 3]0 5 400 F A S SRR 2 R i ]
FAA A2 0% 4 Pro— [ § A AR XA T FFenitr 4 g]gg £ie
- R o
Type IV

BT AV B R AR R R IR R o AP $R 4 (P/Po) B P et £ 0
e AUV R R R A S YRR Y > & L ¥ UF IR % (hysteresis loop) o T d At ¢
Uik B HEens it IR 4 (capillary condensation) #ri$ & > fAp ¥ 4 | B Type
WAp b2 B F B A 5 R s rendb o SEF RS B4 f 0P 3R BT B2 4R
R BESHEH A F oy ME R RTRMP > d B g E ki

WA ARG Fp AR TGRS O ARMOEIRT > 4 F R 5 2R
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SN I SRR LR
Type V
v Rp Al Type HIAp i > 2@ B v JT 22 s ip R enqp 3 18 % 4 AR
33 LI EA YR o
Type VI
KGR % }%%i‘\}”ﬁb 5N R IR o BRI ASRBEER gﬁg;fgwﬁ-i% SV 3

PSR HI G > F AR ENEIFAG > PR F R o

s
-
il
@
o] B
ul
= ",
=
E ey
El v
o
3 [| [
ol

B

(]

™,

Relative pressure p/p®

Figure 3.2 Type of physisorption isotherms (Handbook of Heterogeneous Catalysis,

1997).

333 & = Ei ko h SRR
UFT-IR$Z2 SR e Sit 2 2R FRTT AT - F i
B RIS A S IR DRIL BT AT 1R DA G dRE £ G

e LR T R S S T
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334 KFAAENG &

BrCEEREFESIT WIFR X2 3 XV FRT B KL % 05 pL
SrRFNHMTEES R RFRATITRAGET  §ERATEELG N - B
AR IR RBREZ o MM ERAETIEL S L BT IR K g
Boo 8- HBEFHFFEBL od HHEHTR A2 RTBEERET LMY BI
—i“f CFt AR A R 0 SRS R RS @%J ERFE - F
BT RA AP AR LS FLE K IVERM OEREFRD A~ W E G EUR PR
& ¢ i (PVAF) 2 Bkt e e i iR (PVA) > 13953 FAEF A 9T R 3 I enpvficie

(Tl g o
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34 7 NiViFRTIBT F AT

AEEG R % R - &K(CHI-62TD)E 7§ F B AT % M BT V8 A
EEFFERREER TLITARREETH & doFigure 3.3 #1m o F SREARY 0 i
* 1-0.1%2 0.01 MNaCl % % f2 %% % » 1 i¥ % #&(working electrode, WE) £ 4p %t
7 #&(counter electrode, CE)i¢ * v 4 sk(platinum wire) & 2Bl £ 2 AL T 1% » &%
% & (reference electrode, RE) % 4%-% it 427 #&(Ag/AgCI electrode immersed in a

3.0 M NaCl electrolyte solution, BAS Model RE-1) -

Counter Sparge with
electrode % nitrogen gas
RN
Working
electrode \ \

Reference electrode
(Ag/AQCl)

Figure 3.3 The schematic of cyclic voltammetry and galvanostatic charge/discharge

experiments.
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341 BHRKE 2 F %
BERKREZFHRY >R TCERFKHT =T 5 H06V I 04V ki
F 5 5mV/s~10mV/s ~ 50 mV/s ~ 100 mV/s o 4] # 238 3-1 355 ok k% Bl

LR FE U R RS RS TR TR TR R

Ve
_ v 1V (3.1)
mv(V.—Vy)

2.

PR C: w3 % E(Flg)
@ 7 i E(A)
m: z 43 F AT E(9)
ViR i 5 (mVIs)
Ve Va: Fp e =& FRF R = 1T (V)

Figure 3.4 (a)® - 7k R j& vh1 1F R 72 (%5 - gaar%];;‘; BT s - R
BoMBEELTRAZTREF MTIELG B 2 Faip I it 2a BB
THEGHRT S R FRRIZHNTERLGEGFRI A AT P
ARREB S - A 5Ttk - ZRDATERTFEY - TRIZENZAHRREF S

- > pauEd) s 4o Figure3.4 (D) H R % HE 7 X TIRIRER - R R EH

~

#,i;}'i‘l]"i'_rﬁ ”ﬁ t:‘-i‘—ga_zgg o
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(a)
>
S
5
°
o
Time
(b)
<
S
O
Voltage (V)

Figure 3.4 (a)Potential-time and (b) cyclic voltammetry of an ideal capacitance.
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342 TR R

ERL IR L RV G HR AR A %Y T ORI T g
M@t raF 2 P2 HTHE O TEREIHRY AT I CRRAOF BB A LR
MR R AL T RIS TR R T AP0 R Y 32V P E N AR LT
TP R AE R %Y o T a5 0.1AQ 2 0.0V BT RS 0.8V
SRR RERA  BBTERORELUL LR M ARTFTHRY 4 it

AT R A BT LTS R 2RIGEETTOR Y T AR

FREAE P BEA TR KA Y -
c_ 1At o
AV
F#¢ 0 Crw g a(Fl)
RS AT
7 5% P T (sec)
AW R A (V)
S
S
c
2
o
o
Time

Figure 3.5 Galvanostatic charge/discharge curve of an ideal capacitance.

41



35 7B &

AFHRY NS F RS TR BN S EFRE RT RIS

H

SRR L R I R TR 2 RS e RS AT S

PO %o ta @K B3 gk o A7 { B4 Figure 3.6 #7

Pump

Carbon electrode

Electroyte
Solution

Figure 3.6 Schematic of electrosorption experiments.
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35.1 & 1“4 3Rk R AR

ALY Fd BT R E AT Y BB ALY NaCl it 3 % 1 AR
IR EAEFHEEEDINaCl 23 RERF #3202 F T andgd kv o
BEEE AL - FETHEBEQemPequiv. ) R EKRIRE G ER L 7 Fak

RTHEGhy EETES 2 Apk o JFd “ripl ¥ ZEFTREBETEHILE IR

800
y =121.2x + 5.513
R2 = 0.9999
600 +
5
B 400 +
3.
200 t
O 1 ! !
0 2 4 6

Concentration of NaCl (mM)

Figure 3.7 The calibration curve of NaCl solutions.
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3.5.2 7 = 't % & (electrosorption capacity)
ERRHE &R R EFRE S - ARE RS N LR A& B3
EHEE L EOTEY TG T Ll ;”gu R e AT MR B AR

SRR L B H 2T

(3.3)

: (C,-C,V

Capacity = ——
m

Pl Co: initial concentrations(M) of NaCl solution.
Ce: equilibrium concentrations(M) of NaCl solution.
V: volume of solution (L).

m: mass of activated carbon(g).

353 4L m 7f‘f
ﬁ : Sf 3t /W&’i&*ﬁ'vql?%ﬁ»"’ 6% P\?'Ll‘f\mﬁtid YA O - S -

TS Y R OB A RS It Y R E i 1Y R

R R E NS chiB e T IAART 2k 8 X358 At E M T R
Boh AR AT L LG R TR A G 2 o e W R A T T
FHF P F oo H oo 4T
N
Surface coverage(%)-= 2 (3.4)
ms BET
X DEHET R & L (3,58 A)

N : 4 g
2V FRATRE E(0)

Seet ¢ Z K IR AL 2 & G 4% (MPQ)
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353 #H - Fd¢ 4 F 55

#— Fede 4 5 H07 (pseudo-first order kinetic equation)* #- % Lagergren rate
equation H #-5% 1 & SRS T e SR T a3 B oo AT I - P E
PERGUIE A KRR T AR 2 i F R AR TR o 8 S ot

4 (Ho, 2004) :

kt

| ~q,) =logg, ——— (3.5)
Og(qe qt) Og qe 2303

Xw k : pseudo-first order = fi# & ¥ #c(min)
au: Pt pF2 s £ (Mglg)
Qe : Bt T frpF 2wt 3 £ (mg/g)

t:# 4k (T F F (min)
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3.5.4 % 8 e RN
B A NIRRT AR A 4 0 O e E R F R R R G
L&-Hehi 3o 0T @ A FEF R N T R R AR B B R R
W B g 3 R T2 > & W] 5 Langmuir = fq = 4258 2 Freundlich = v = 42.5% o
Langmuir »> 1918 # 3% J) p“ 3235 > 4 R R34 5 WA F St B A G B ahIR

B BHHERS Bp TR R R Y L H R S B B A A R i e

L
A RHPRIETR L § $0g Geagd
b. =M FAFIERHER LG @i T (v
C SR AR T
d. SR A G ¢ kA R
€. = [F3 \Z}';Kf—]»fj_'_—)‘ gb \Z}LKT—]»._ B VZKT‘]”F?
9,K.C,
k) (3.6)
1+K . C
FP Qe t AL T ik & (CORF e i F £ (g/g)

qm X R KT‘]’ £ (mg/g)
Ce: stz T =ik &t (mg/L)
KL: # #&
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Freundlich #1906 # & {7—- MR 2 I RFEF R 3 P ERETH =5 &%

A LA AR RO b 2 3F ¥ Bic o T2t ¥ Langmuir isotherm & i3 oo 3%

Vo BRI SO A A G HR B TSR 0 R 2B A F

S

A
v X

T

A

N

1 27 Y
| B A g

B2 he 2 REFERGTRAAMN 2205

g, = K.C"" (3.7)

X ¢ Qe © Bt &iE T ik B (Co)FF a3 £ (Mg/g)
Ce & i 4073 ife 2 T #7k B (mg/L)

Ke~n: % 3
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PR BREHG

41 FHR T e IL 2 T F L AT
411 FPEatt e o L 4T

FlRE LG R AR VHETRIBEF L S S A LR N
FAAF R A AR AM O D  RAH AR A S aE s B4 G
FRLEIF S TR DA G A iR 0 RIS 2
BT GEL 2RO PRI AT ER 2 IHAP 2 - - 2SR R
Fr e A7 FEEAET > Y F-400 EHe s £ B CALGON = 2 35w 87
ERYIRI NS - S A ey SUR =T e IRl U IURE - - N U S S E e

Sl 2 AR BT 4e Table 4-1 -

Table 4.1 Manufacturers and purity of experimental activated carbons.

Z K3V F AL 350 B S B

F-400 & gt Filtrasorb 400 AC1l
AR LF-4030 AC2
R AR WOD-325 AC3
PRAE MR WH-0830 AC4
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a.  ERAE G SRR

B FR T SRR R AR BTRE ARiTERY ACL R
BAPa o aptitmg AP Ee B2 RIS 2 0B SEEIREL > BiEH
Bt AR SR EFMEFEL > AC2 AC3 2 ACA I E #4-
RALEFRL S FIRE S N R g BB E R A G R TE R
FeEfs 2 E ey SEM ¥4 g 2 (TR 0 4o Figure 4.1 #157 o Figure 4.1(a)¥
Figure 4.1(c)® ¥ # 3R » 1% fLi% 5 Rl orfl = 20 B sk Figure 4.1(a) VR B E 14
BACL > B % R ars4e £ F fid o3 B > dp O Figure 41(c) % A E &
Wigm > AC3 & 5 i B el ik ,.‘%f; » ® Figure 4.1(c)® » AC3 = 14
R S A R BT e 3 SR S I B e 2k B Sl L R R
MESER TR R A 2 0 FIUL I STRRE o Figure 4.1(b)r A F A A2
B AC2 B2 2% BRI 2 G5 1L B 15 AT > & 6 (v iR Bk B L A G 3
TS Arse FAL R R R TS A e o Figure 4.1(d) 5 AC4A R B T I mE R
AAMORY A5 G LFAORORE LA G P T F g LAG B A

SR A o
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s

i JO B

§-4800 5.0kV 11.1mm x5.00k SE(M)

Figure 4.1 SEM images of (a)AC1, (b) AC2, (c)AC3, and (d)AC4 activated carbon

electrodes.
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b. BET 4 & # Bl 2

Figure 4.2 5 7 Fr A 51l & 2 i a2 § f w4~ 478 % 0 1245 IUPAC
EORGRNY R E AT BRI ACL 2 AC2 > Type IV 4] 34 & 2 nm 3 50
nmz ¢ 3t EHR o R4 043 LOFF - BFR R4 o $B IUPAC #7224

2w fERFAE R HA QB R % > o HA A BF R L AR B Pk

FARIT B BATA A R FEIVFE S o ATRIE IV TR Table4.2 ¢ o

d Table 4.2 ¥ 50> ACL 40t 4 & 4% 5 939.68 m2/g ficat i &2 ¥ 3t v* 4 & F4
A5 487.18 mPg 2 45250 mPg » H ¢ ¢ GUik A & G ff 48.15% » pedt i B
# 5 0.22cmig ik A8 A 44.90%> T 323t jT 5 2.10 nmeAC2 4, 4 5 ## 5 661.85
m2/g Hcat il &2 ¢ ikt & G fE A 8] 5 457.23mP/g 2 204.62m?lg o H ¢ ¢ Gl b
ML 4G A 30.92%: Arat kR AE 5 0.21 cmPlg ik i H A% 48.84% T 3554 T 5 2.61
nm e AC3 &1t 4 6 f# 5 672.50m?/g i3t i &2 ¢ 3V v & & # A %] 5 476.00 m?/g
% 196.50 m?/g > H ¢ @ Gl bt &G fF 29.22% 0 iRt 5 0.21 emPlg ik
BARAE 67.74% > T 303t T 5 2.08 nm o AC4 Bt 4 G ff 5 648.10 m3/g #cat i &2
dilE e doGofE A W 5 57130 mYg % 76.80 mAg - H ¢ ¢ 5l b0t &G #f
11.85% - #c3 ik 4 4% 5 0.27 cm®/g 1k s 484 87.10% > T 353445 5 1.93nm -

FEN P RHESRTVUER AR L a L ACL E 4 R F it LG o

N

R g BT (Mietal, 2012)0 00 6 A8 % 2 B G F130 Lo Seehig 7
m AC2~AC3 2 AC4 Elpticint 26 A0 £ B2 % » L4 6 flgdbiF & ¥ 34 b
ARG A Rai IR o P ACA B R E 5 B F 0 ACA B Hpt B a1k
Bt LG A e 88.15% 0 A M HEIVIF B A A MR 0 R A bR AR R IRMT
Bk T 6 A4 RER L ook 3 13T i s 2 & 7 (Ying et al., 2002) -
S Figure 4.2 b 115 # 1 ACL 2 AC2 /& Bt >t 2 A en Type IV 2] e i
MG - BFR G g GAPHRS 043 08 A2 - BFI A7 ACL
2 OAC2 EHm 5 B ¢ 3V ik B2 Bt o AC3 2 ACA RIE & 4]+ Type |

2B AR BTV B ] AT 2 nm 2 eEl i HHR
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Figure 4.3 2 AC1 7] AC4 F a2 3L & Ao Fd > SRR % 3R ACL -
AC2 2 AC3 &3 /94 nmpFL 5 B\ blehitik 2 F > 2 ¢ x 2 AC2 5 5 &
¥ > 7 Table 42 %% » AC2 £ § #. % «h? TV R R » (b4 2 51.16% -
At ACA S & o1t 4 & 4 5 648.10m%g & AC2 2 AC3 £ 8 » v d Figure 4.3
FETACA 2PV FEES ST RA B ESR S Flpt Tk K > H &

& At

Ti\4

G fhd IR TR R

Table 4.2 Porosity characteristics of activated carbons.

. a b c d
ACtlvated SBET micro meso Vtot micro I:>oreav
carbon
még)  (m2lg)  (m2rg) CMTY) MY (m)
AC1 939.68 487.18 452.50 0.49 0.22 2.10
AC2 661.85 457.23 204.62 0.43 0.21 2.61
AC3 672.50 476.00 196.50 0.35 0.21 2.08
AC4 648.10 571.30 76.80 0.31 0.27 1.93
8Apparent BET area

bMicroporous surface area derived from t-plot method

®Mesoporous surface area calculated by the difference of Sget and Smi
4Total volume of pores measured at P/Po=0.99

®\olume of micropores

fAverage pore size of porous carbons
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o 300

=

S

D 250

=

(@]

38

< 200

(¢D]

=

-

S 150 ¢ —o— AC2

> —A— AC3
—A— AC4

100 - - - -
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure(P/P)

Figure 4.2 Nitrogen adsorption—desorption isotherms for activated carbons.

—o— ACl

o o o
IN o oo
T T T

dV/dlogD (cm°/g)

o
N
T

0.0

Pore diameter (nm)

Figure 4.3 Pore size distribution of the activated carbons.
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C. FHEBRTIEAKEA T

R A~ BRE CFIELFAFRFRG  WIESEERTE F 0

fEIUR R 4 C ’1*% SARERITRED N2 TR IEFT T RNT REFT R

R AR 0 FUC T T ARE T AURER BRI 0 X FLIT R TR L RIE o

GEBRITEPT RS BRI E DL R AR A G Rk AR

SR RF R LR T Ao PVAF 2 S BIaE 4 gk il g a g S

%ﬁﬂ?ﬁﬁ%gﬁW£*’?ﬁWﬂ*?&W?%ﬁ@ﬁ,ﬂajgéﬁa;

ar

HBRAEA G R BYPFEFEII -
e ¥
(Chingombe et al., 2005)- ¢ Table 4.3 2 Figure 4.4 77 % % % ¥ &> 12 10% PVdF

&
R

3

i

AL s o LB

E R AR G Ak FPR R Y B IS MRS R SR

WEARF AT LR AT R Y k2

] 3% 100° & 120° > AL-k] o

Table 4.3 Photographic angles of water droplets on the surface of activated carbon

electrodes.
Activated carbon Angle(lift) Angle(right)
AC1 120.6+0.71° 120.4+0.93°
AC2 122.32+4.31° 122.44+4.35°
AC3 107.08+10.17° 106.85+11.16°
AC4 100.42+3.80° 101.26+3.42°
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l ©) l

i ¥

Figure 4.4 Photographic images of water droplets on the surface of (a) AC1, (b)AC2,

(c)AC3, and (d) AC4.

55



412 FHERT T FHFEA
a. ERIARR

Figure 45 2 1M NaCl iz 2+ 278 2 0.1 Alg:eiv= B HFDLTind
Fr xR TRIEOOV FIEFTL %41 08V E K08V T
Bw 00V 5 BT ifkd R e HFd QN RTF RT PRI
TEFRY 27V EE RV R BRIATE F P RRF R 2
AT R REFT DAL RALARIEY - PaTR S H T R T A g a4

> L
ST o

ﬁ}
=3
ESS
NS
e
&
=3
=

BREOTERTFEY M AR R A= £
SRR TR % R Lk - B ETR P 0 2 Figure 4.5 #
ACl i AC4 - B Pask"73F & P ¥ 4 %] 5 955 sec~863 sec~871sec 2 882 sec »
- BRBROFTHRETARL AT RIRA G BT a4 RS T R RE
PFRFREE GRS c EF RS EF R SR NaCl 355 5 245t a 4
B2 ACL iz 4 Bk o ¥oh o RBP 2 BHERY T oM 32 &
Ferr AR E Jfd BELRRZTFHE ¥ RIBHRIFIT 1 ACL
b Z X EHRDOT FEKE = 59.20F/g ~ 58.94 F/g 2 58.87 F/g > # AC1

SRR CBART FHEER TSR LREIIREY N ENT RS
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Voltage(V)

AC1 AC2

0 1000 2000 3000 0 1000 2000 3000

AC3 _ AC4

1 1 0.0
0 1000 2000 3000 0 1000 2000 3000

Time(min) Time(min)

Figure 4.5 Galvanostatic charge/discharge curve of activated carbons electrode for

1 M NacCl solution with a current load of 0.1 A/g.
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b. k%R

MR R R R T B P SRE Y LTS HHAE R

BB FIS AR TR R PR A TR Y IMH,S04 e 7 T F R

ERBOTERATEIRY CRBRARLIRTLIRZT T

Ry
Wa
=y
=3

=
W

=3

o

ROER MBI TR -FRERZ ZATFRAMASES &

i
E_%_
3
x
Zl_m;_!r
A

RIR- 3 [ sEA o Figure 4.6 5 1 % 1M HoSOs #1385 Bl T 1Bt 7 8 3 £ 1
RlFF2 g% R FRTBPRAVRIBEIRDTRTEZI G PRAF &
g o Rk ACLI| ACA F Tt i £ H 06 1-04V 2 &y
CRROTCEF RS R AR I ERTIEIFGUTRGEL A R

AT EERHER R BRAIFPET @ LR BITOR L i
BRI ET 8 IR TR S S B A RCRSEE TN P @
WIRAIFY R RETRR DY LFERS ARF AT bR & RBRDE

TS G R R AR B DREET R KIVR Y o Bl R R 2 ]
FHCES BB BY EF R RO M TR IR 2 BRI T D R
EA)2 PR RE B -
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Figure 4.6 Specific capacitance of (a) AC1, (b) AC2, (c) AC3 and, (d) AC4 activated
carbon electrodes measured by cyclic voltammetry at scan rate 5, 10, 20, and 50 mV/s

in 1 M H2S0O4 electrolyte solutions, respectively.

60



ii. #HHEAREE:1MNaCl

Figure 4.7 5 ¢ * 1MNaCl 37k "ri& 72 BB REF %R 117 f2E BB
TR L % NaCl env (F44F 3t « 7 @ * JATR KRE Wi (7292 2 g
R fF S T HN > HF L S22 R F B Table 4.4 o

o fEE AR R S S mMVIs Z IR RE R Y VRED > Adp iR
BRRLEY BETERNEARTN D I R A7 AR TS TR
R DEFRE IV Y B TR  RABITEEHT A T o @ TR 0.2
FI0AV G - PRAE NI F R R F MR A G 2 B3 F AT 2 R

A Ega @ T EMHE L RO E HEARATTRT A5 TR F

TR S PEATYF A G 2 TR B R b BV F T R Y d NI
SRR ERM AR FIFS BT EAAL LR ERE T RS g S
FHOT FEEF]D TR FFER AT FHREFR LR DT F AR
SEE e B B e T PRRC D TR PP B AR R BT 2 R R BECI I
¢ ,hﬁ—,,b,m,;gﬂ;.;.mMJJ,' F]pL T FE o

Table4.4 ¢ ACL a4Fpi B 5 SmVIs - & 4 #g a0t T 7 #E 5 103.61

Flg» B RFl5 ACLEF g adnt £ g ff > ¥ B GRS g3 >0 3 kP o @ A
F R 5]

Y

Fdid B 100 mV/s p5 o AC2 48§ g »> ACL et 3 5 ficii » H b 3 % %
10.74F/lg- AC1 = 418F/g> B F]15 AC2 & 3 #aB ¥ 3L iF b L 6 - ACL 2 2
LRAGI LG R AT L AR FRAC2E NF AR AR ERT
d TS R P AT R 0 R IV IR R S gk F R TR 7 i

B g o

61



Table 4.4 Specific capacitance from cyclic voltammetry curves for activated carbon

electrodes in 1.0 M NacCl solution.

) Capacitance(F/g)
Active
carbon
100 mV/s 50 mV/s 20 mV/s 10 mV/s 5 mV/s
AC1 4.18 12.28 42.80 76.12 103.61
AC2 10.74 25.50 54.86 73.65 86.42
AC3 6.00 12.00 39.59 67.13 90.68
AC4 8.76 23.14 54.72 81.82 101.60
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Figure 4.7 Specific capacitance of (a) AC1, (b) AC2, (c) AC3 and, (d) AC4 activated
carbon electrodes measured by cyclic voltammetry at scan rate 5, 10, 20, and 50 mV/s

in 1 M NacCl electrolyte solutions, respectively.
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Table 4.5 Specific capacitance of activated carbon electrodes measured by cyclic

voltammetry for various concentrations NaCl solution.

Active Capacitance(F/g)

carbon 1M 0.1 M 0.01 M
AC1 103.61 50.61 28.91
AC2 86.42 32.64 20.37
AC3 90.68 55.28 16.14
AC4 101.60 77.09 18.80
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Figure 4.8 Specific capacitance of (a) AC1, (b) AC2, (c) AC3 and, (d) AC4 activated
carbon electrodes measured by cyclic voltammetry using scan rate of 5 mV/s for

electrolyte solutions of 1, 0.1, and 0.01 M NacCl.
68



150

s 1 M
01 M
@ mmm 001 M
w
8 100
[
o
S
S _
o
[0+
(&)
(&] _
= 50+ T
(&)
[«b]
o
%)
N 0 RN
ACl1 AC2 AC3 AC4

Activated carbons
Figure 4.9 Specific capacitance from cyclic voltammetry curves for activated carbon

electrodes in various NaCl solutions.
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Table 4.6 The specific capacitance from Galvanostatic charge/discharge and cyclic voltammetry experiment in 1 M NaCl electrolyte with a current load of 0.1

Alg and 5 mV/s for activated carbons.

_ Charge/discharge Cyclic voltammetry
Capacitance
(F/9)
1 M NaCl 0.1 M NaCl 0.01 M NaCl 1 M NaCl 0.1 M NaCl 0.01 M NaCl

ACl 58.87 58.23 25.99 103.61 50.61 28.91
AC2 56.50 44.29 12.88 86.42 32.64 20.37
AC3 52.60 46.36 17.36 90.68 55.28 16.14
AC4 57.03 55.41 20.95 101.60 77.09 18.80
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Figure 4.10 The conductivity value of electrosorption process of 2 mM NaCl

electrolyte with various applied voltages.
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Figure 4.11 Electrosorption capacity value for effect of applied voltages

electrosorption process.

Table 4.7 Electrosorption capacity of AC1 and AC2 for various voltages.

Applied voltage
Electrosorption pp g

capacity(mg/
pacity(mglg) 0.2V 04V o6V 08V 1.0V 1.2V
AC1 0.69 1.24 2.76 4,92 7.20 10.08
AC2 0.43 0.72 2.23 3.96 5.60 8.86
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ERRHY M oBY FHRERSE 12342 5mM > ACL 2 AC2 e "t 3 &
= 13.48 mg/g &7 11.44 mglge & Pa%R K% Z P S ¥ > R fERIER MDRT >
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Table 4.8 Langmuir and Freundlich isotherm of parameter for AC1 and AC2

electrodes.
Activated Langmuir Freundlich
carbon gm(mMg/g) Ke R? Kr n R?
ACl1 13.83 0.13 0.971 4.66 4.59 0.965
AC2 11.57 0.04 0.995 0.10 244 0.999
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Figure 4.12 The (a) Langmuir and (b) Freundlich isotherms at 1.2 V of NaCl by AC1

and AC2 activated carbon electrodes.
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Figure 4.13 SEM and EDX for MWCNTS.
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Figure 4.14 SEM and EDX for purification MWCNTSs.
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Figure 4.15 FT-IR curves of MWCNT and Purification MWCNT.
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Bk % 2 gt Table 4.9 ¥ o ACL A 455 % B vt % & 4 5 939.68 m?/g ¥
LA A G A S 50% 0 Te3te s 2.10nm s & MWCNT 4 & # 5 207.50
m2/g & 4 & G A2 88% T 303t i 5 13.70 nmo ¥t Be IUPAC chRl 1 & m o
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Table 4.9 Porosity characteristics of multi-wall carbon nanotubes activated carbon.

a b c

Activated Seer S icro S eso Vv, _ Pore |
e (mg)  (m2lg)  (m2rg) IO (MY m)
MWCNT 207.50 23.10 184.40 0.71 0.01 13.70
AC1 939.68 487.18 452.50 0.49 0.22 2.10
aApparent BET area

bMicroporous surface area derived from t-plot method

“Mesoporous surface area calculated by the difference of Sget and Smi
4Total volume of pores measured at P/Po=0.99

®\olume of micropores

fAverage pore size of porous carbons
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Figure 4.16 Nitrogen adsorption—desorption isotherms for AC1 and MWCNT.
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Figure 4.17 Pore size distribution of AC1 and MWCNT.
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Table 4.10 Photographic angles of water droplets on the surface of AC1 and

MWCNT-PVA electrodes.

Porous carbon Angle(lift) Angle(right)
AC1 120.6+0.71° 120.4+0.93°
MWCNT-PVA 60.32+0.49° 60.34+4.50°

I ©) l

Figure 4.18 Photographic images of water droplets on the surface of (a) AC1 and

(b)MWCNT-PVA electrodes.
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Figure 4.19 The SEM images of (a) MWCNT and (b) MWCNT-PVA electrode.
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Table 4.11The specific capacitance from Galvanostatic charge/discharge experiment

in various NaCl electrolyte with a current load of 0.1 A/g for activated carbons.

Capacitance(F/g-carbon) 1M 0.1M 0.01 M 0.001 M

0.1A/g 30.84 23.46 15.80 4.74
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Figure 4.20 Galvanostatic charge/discharge curve of MWCNT-PVA electrode for

various concentration NaCl solutions with a current load of 0.1 A/g.
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Figure 4.21 (a) Cyclic voltammetry results for the MWCNT-PVA composite electrode
in 1 M NaCl solution at 10 mV/s tested for 1000 cycles, and (b) the specific

capacitance as a function of the number of cycle.
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Table 4.12 Specific capacitance from cyclic voltammetry curves for AC1 and

MWCNT-PVA electrode in 1.0 M NaCl solution.

Capacitance(F/g-carbon)

Carbon
electrode
100 mV/s 50 mV/s 20 mV/s 10 mV/s 5mVI/s
MWCNT-PVA 33.05 39.94 49.74 58.46 66.64
AC1 4.64 13.644 4755 84.57 115.12
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Figure 4.22 Specific capacitance of (a) MWCNT-PVA and (b) AC1 carbon electrodes
measured by cyclic voltammetry at scan rate 5, 10, 20, and 50 mV/s in 1 M NacCl

electrolyte solutions, respectively.
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Figure 4.23 Specific capacitance of MWCNT-PVA and AC1 electrodes with various

scan rates in 1 M NacCl.
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Figure 4.24 Specific capacitance of (a) MWCNT-PVA and (b) AC1 carbon electrodes
measured by cyclic voltammetry using scan rate of 10 mV/s for electrolyte solutions

of 1, 0.1, 0.01,0.001, and 0.0001 M NacCl.
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Table 4.13 Specific capacitance of MWCNT-PVA and ACL1 electrodes measured by

cyclic voltammetry for various concentrations NaCl solution.

Capacitance(F/g-carbon)
Carbon electrode

1M 0.1M 0.01 M 0.001 M
MWCNT-PVA 55.81 40.02 25.89 10.17
AC1 60.52 45.10 8.93 0.88
80
s 1 M
== 01M
\a s 0.01 M
L 60 > 0.001 M
S
c
S __
8 40 —
(4]
(&)
L
[—
.g I
S 20t
wn
O 1 ’_‘ |l|—|
MWCNT-PVA AC1

Carbon electrode
Figure 4.25 Specific capacitance from cyclic voltammetry curves for MWCNT-PVA

and AC1 electrodes in various NaCl solutions.
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Figure 4.26 The conductivity value of electrosorption process of 1 mM NaCl

electrolyte with various applied voltages.

Table 4.14 The characteristic for different applied voltage from electrosorption.

Applied Electrolyte Electrosorption Surface Removal

voltage conductivity capacity coverage efficiency
V) (uS/cm) (mg/g-carbon) (%) (%)
Initial 123.3 0.0 0.0 0.0
0.0 121.8 0.8 0.8 1.2
0.4 119.6 1.9 1.9 3.0
0.8 109.8 6.9 6.9 10.9
1.2 95.8 14.1 14.0 22.3
1.6 77.9 23.3 23.2 36.8
2.0 62.7 34.4 34.3 49.1
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Table 4.15 The electrosorption parameters of pseudo-first-order for MWCNT-PVA

and AC1.
Carbon material k(1/min) ge( « mole/g) r2
MWCNT-PVA 0.045 13.07 0.9986
ACl1 0.07 6.15 0.9999
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Figure 4.27 The electrosorption kinetics of NaCl onto the MWCNT-PVA composite

and activated carbon electrodes at 1.2 V.
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Table 4.16 The electrosorptio characteristic for AC1 and AC2 electrodes for 1.2 V in 1 mM NaCl electrolyte.

Rate constant

BET Average Electrosorption Surface L Energy
) ) (1/min), fitted ge ) )
Carbon electrode surface pore size capacity coverage ) r consumption
by first-order (mg/g-carbon)
area (mzlg) (nm) (mg/g-carbon) (%) b (l(\l\lhlm3)
Kinetic model
MWCNT-PVA 207.50 13.07 13.07 26.04 0.073 6.51 0.999 0.038
AC 939 A] 210 603 258 0048 1318 0009 0188
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