B> 48481 S ks 1 B85 7 9
FA 2~
Graduate Institute of Environmental Engineering
College of Engineering
National Taiwan University

Master Thesis
et PR T SRE T B2 T R R 0

- L s e ey
Development of Microbial Desalination Cell Driven

Membrane Capacitive Deionization for

Energy Production and Desalination

Chih-Yu Ma

Advisor: Professor Chia-Hung Hou

P ERRE 105# 9

doi: 10.6342/NTU201603590



September, 2016
®H

KO BlEg P TeiFR - Flaj AFNPRA RN L iRiPAR

BEADEAY S hbd cipd EF O RNl Bk GEE X 0
LGB GEE AT EERE RIS 00 B AT SR DN FEIGEE L
Flad FEFAEARBGIETL - A § FEPELARALHF L&D
LR o R RA R Z O REE T BT R B AT AR EEFLS
W EAT AL RAEV IO ROREEERI LT A5
FLIuARFPLERERF - EHAE TRt FRHRz i A&XF &
nEE S A B OFY PR IFICLKERIT FET AR DR o
FHREFPOPLP EFEL FPFEY 2 5EY TR

BB 3 A
ﬁ‘&%§£~%%‘&%~1@‘$ﬁ HHE PRI AT AR Y
NF G AuEREF S e Y R E AL RFERT P
Foox MpEF S 4k B TEEPFEAFE AN RFR LT o R

ﬁ’ﬁ&%éﬁﬁgézﬁﬁg’ﬁm?g%ziﬂ’fﬁwwﬁ-$—®m%m

R Rt 1 Aipd ety s o0 &

Yot

F3ZGFAPe F L0135
LT RMHE  GOREFRLI TR A 5L 0§ 4%
§ R RWME RGN - Ay PP AR DA 3 AR
SRR SR RWEE A RSP PH B B PR A R IR R

P

i (e B AR B i BAL B AT P HFIF A EN G - A BEen

3 A R g
HHF A b SR EFF oA e WE o B PRGN KRR
B o A AR EA TR B RTISA 4 3 R F R

s
AN

A

TERE RS N Y |

\rmL

o § ¢} ,E.;g,f-

Bofs o B BRE R T A DI B kR TP AGR IR E A e 2
B o4 BHHSSE £ A HADNEE S ikt M Hi- B LR
FROgeALpE ety 5 andff o FHRERHGLEEAZE 0
Adeo RGgE > A T E L RAGH IS D

\“-

BRF AR

doi: 10.6342/NTU201603590



PEARIG AT

&

REFE DIRA U R B A G RGE B i BT E kA g Rk TR
SR ELH T - a o RRTVEARY TR BB @ SRR e
AREFT Bl Ao B LG R R IR S SRS T
e B3 2 R AT o fc4 $% B 7 s (Microbial Desalination Cell, MDC)E_r jic 4 4~
wegl & ¢ (Microbial Fuel Cell, MFC) 5 A # M 74 2. 37& 4 5 7 it & k&> F]E
FhREFAT  BRRIEER B2 i o FIMRARL - BEFREEAS 22 R R
Fopkre ek > o 4 fp 3 Pojke(Capacitive Deionization, CDI) % - JE%%%E?‘ 0951
i MRARRGRI R ZTHEE ZEFRE JIF TEOGERE 2 ",f;‘%‘;‘x’% L]
Wi+ P B R AMBF R M B ENE T SRR RS
TR I PR CE hR2 AT b £ 0 BE2 KR E R
2z me @;ﬁmmﬁ,%lﬁﬁﬁ%m%%wbﬁ BrAG B A
FAT Pz 2o f TRESERMMZFRESFGETZELEDERE > ER
N U R R = e S m;bﬁ%]:*: s BT M E R AR TR AR o A
FrebMArnAq s BT 334+ Hie p B k2 @ ir
B RERE T AHARR 0 BB R AR ARSZE M B2 R KR ke T
HrR AR EAFE PR 2L =Btk THRTS MDC 2R * > FFF TR’
£ MDC & T 2ci 2@ 2222 £ o 2% &7 : (1) > MDC 457 > %@
F 4T 99% 0 COD 4 F i 7] 90% ; (2) 1 T AL A AIL MDC % 8 ff 2
ko ART AR RETANS I 150S/m 1T 5 (3) #* = AitF TR
2. MDC % su2%$> CDI %% » *Y kR 5 5mM NaCl 3% ¥ 27 2 't S 0 %]
MDC ﬂl;a] IR RRH A o & CDI A ",f i v 1] 84.14% > i * B * F & MDC i
2. CDI A oc (A3.14%) = K- & « AP F %% F : MDC-CDI i 5tiF &
- I S 2R AIEHN e U2 RISk AFF R VAo Z AT
FRRE AR BTE Y O RT Foondk AT B A HER N H

T EILARR 2 Y B o

doi: 10.6342/NTU201603590



MeEF T AT AT M PRBT S A PR TS 2 BT

&~ AW TR it

Abstract

Over the recent decades, development patterns and rapid population growth have
vastly increased the demand for fresh water. On the other hand, a large amount of energy
used in water purification plants raise the operating costs of water treatment. It is
necessary to develop water purification technologies for energy-water sustainability.
Microbial desalination cell (MDC) is a newly-developed technology which integrates
the microbial fuel cell (MFC) process for simultaneous wastewater treatment, water
desalination and production of renewable energy and demonstrate the great potential of
bioelectrochemical desalination. Also, membrane capacitive deionization (MCDI) is a
new and green technology to deliver clean water with the principle of electric double-
layer (EDL) on the surface of electrodes, and presents several operational advantages:

energy-saving, no secondary waste, and reversibility.

Electrode materials play an important role to determine the performance of
bioelectrochemical systems (BESs). Carbon with three-dimensional porous structure is
a promising candidates as electrode in BESs, due to its good pore accessibility for ion
and electron transportation, larger microbe colonization and higher bio-electron transfer
efficiency. In this study, by taking the advantages of MDC and MCDI, the MDC driven
MCDI process was developed as a sustainable water purification process for
simultaneous wastewater treatment and desalination. Additionally, the three-dimension
carbon nanotube-coated sponge be used as electrode in MDC and the effects of
desalination and power generation performance in MDC were investigated. The results
show, (1) the removal efficiency of conductivity and COD in MDC system was
achieved to 99 % and 90%, respectively. (2) the conductivity of MDC effluent could
drop below 15 uS/cm by electrosorption process under batch mode operation. (3)
sponge electrode used in MDC could increase the energy output and improve the
conductivity removal of MDC-MCDI process for 5 mM NaCl solution. These results
suggest that MDC-MCDI process using modified sponge electrode has great potential

to be an energy saving technology for the water and wastewater treatment.
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Fig. 2-1. The working principle of a MFC (Logan et al., 2006).
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Fig. 2-2. The working principle of a MDC.
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BKASLE A2 TR AL F i e R EF S F £ AL(Kim & Logan, 2011)-
P2 ARMEFTF 5 % MDC 2 P4 81 Bk ARk % 4 & ot 5 RE 3R £

f& 5 & ki(Upflow Anaerobic Sludge Bed, UASB) 3 ¢ — & < 4% 557 5 % 4 > 3¢ HRT
w2 R R TERR T G54 f"‘*‘ﬁﬁﬂ’\ 9%z &+ > F g H T S
81% (Jacobsonetal., 2011) - & ¥ #- MDC s 322 2 8 -RAJE L 3iig & » 4o &%
%R A 72 s (Osmotic Microbial Fuel Cell, OMFC) ~ 33 < #& #f75 ~ # 5%
% % #% B (Forward osmosis, FO)£ 2 = i% 47 (Donnan Dialysis) (Zhang et al., 2013;
Morel et al., 2012; Yuan et al., 2015; Ping et al., 2015) » 3} = it 43 i& {7 = X kg2 2. %%
RALRE ¥ = 25 > x J ST HRD RS &%;‘%‘;‘r&é BoRFHESH B AR A
* MDC 2z P4 #-H KB FH > g 5 23 K]cézg@ 90%2_# A (Brastad et al.,
2013) > & H i * sz N w f, MDC i st B ROk Y 2 & Bapd o 14T (7 S
P2 K,%a% oo Bdraps 23 Kf e 3 7 i2 90%(An et al., 2014) -

ekt 2011 E P ERF NN 2 X H 2 gm 1 & F # & 17 (Electrodialysis>
ED)rZ #itve2 MDC i 3uiv i & > &2 7 MDC i 582 % % »c 3 (Kim and
Logan, 2011) » # i & T - HR-Trfro ¥ - F BT FERPUME -~ &&F
% 2. w iz % su(Chen et al., 2012) » :x i 7 MDC % %ifiddk » T fr2 B 4E > ¥ 58
AP~ WA R D A 4 kB2 A 0 BT R Bl4e Fig. 2-3

u Power Supply

e—

@

H+ co, |: OH—
* v

Anode chamber Acid production Desalination Cathode chamber
chamber chamber

Bipolar membrane
I
[a)
Anion exchange membrane
Cation exchange membrane

Fig. 2-3. Schematic diagram of acid/base production in bipolar membrane MDCs.
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THEL S BT REBER

221 BRI ET B FE

RERFTLER R ERE PG R - > @8 ZREFEBFBARTHR? L2
B L e B RS HAS B4 B FREg L B R i%iﬁ‘fipi‘ > B
oA B i 2 KR BRR] @ 3 35 0% 3 & 2 (Reverse Osmosis, RO) ~ 7 1%
17 % (Electrodialysis, ED) ~ % & ¢ it ;£ (Multi-Stage Flash, MSF) 2 % »x Z 3 ;2

N3

(Multi-Effect Distillation, MED) % = ;% X @ i % ig i Fpr K25 90 3 i 42 2

-3\:\
‘“" (&

ER SIS P F S SR RS SIS s B3 SN L

# (Zhao et al., 2012) -

TE2EFHITLAPMAT L 54030 1060 £ %o d ZFWBPFE S F2

foBEE D o R LA 3¢ A& (Flow-Through Electrode)x 14 § & =+ P e
W\]T_gﬁ :53}114’_;,«fu]?r?v;ngri%;t;i;z_,};aﬁ,ﬂ\_ix/%oﬁ 7} P37

Benigdh o CDIl 2 ApMA T3 L 2B L A8 R €40 > 23234 H07] (Zhao
etal., 2009) ~ ,k iz 2 & F & {r(Humpliketal,, 2011)= & & 3 TR e » H
A R EBRE R 2 F VS oL T CDI A R 2 KT R P 2
¥ £ J(Huang et al., 2014) ~ #7235 2 4 (Lietal,, 2011) » @ 7 3 R¥s K F % 3%
R iR GBALR RGE (20 % ' 3F 760N 5 B (Welgemoed et al., 2005) o
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222 TREIPIPMLEFRE

TR 2 1 FRI G F 2 34 F AL 44 (Nanoporous Carbon
Materials) iF 5 T #& i * > T30 4c b IRF H-T 00T g V3 K,ﬁ% KPP FF R
2 HpF > doFig. 2-4.9757 o CDIk S2hi8 (73427 - 3 Rl ¢ FIeh it 4 TR a
- BEILI - ZRPLFITLFEFIFILINEGET S 205 7 HRIPF
ThRLESE > TFRRY ZKEPEF EHIFIF LT RSE A FRF R
TR TEBE - F TS T 23 A3V B+ T Bk (Electrical
Double Layer, EDL) » @ #/3/% ¢ 2 % L3 F F 33V Fp - A d D3 RrMAL
Péfe ¥ =26 §RAMBAEZNE 7 LREFEHF AT HL 2 e
it R A FIR R A TR R 2 R B A kw3 ir ? o Bt > CDI
P uy ) K,ﬁ;”) e TR R R > T Bk Y BT iR 7k fﬁ“’"‘ii’ ;’ﬁd T fEA

RTABIEFL D N PR A EMNA AT EPCDIEE TR Y 2

= -~

57

'.;{q'" o

Positive electrode
O Cations

O Anions

Nanoporous carbon material

++++++++++++GH + ]
@ o © OOO O O&T/OO
e _o.00

Salty Water
09
O

Treated Water

Negative electrode

Fig. 2-4. Schematic of capacitive deionization process to remove ions from aqueous
solutions (% & %, 2012).
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223. FWT F s P

AR # 2 3+ (Membrane Capacitive Deionization, MCDI)&_- #.4CDI
A#HAZZZ TFRP D o L R2006% o d ERE FLeex L h i
MR HRE f AR A WS- KIS BB LR A RS H EE 2 AP
(Leeatal., 2006) - MCDI2CDI% % F FApke 238 (7 I > 5] % 4 2 389%
FHEMEFEE - BRI ZEFHRRRY I TR A E R R Y
ARG T IEA LY K,% TR LS R F TR XD RGBS T
Pdp = 4+ (Co-lons)#ig = 2+ 3 > @ = 4+ 3 poaF R TRy 4 % F

(Biesheuvel et al., 2011) - H & 3127+ & Bl4cFig. 2-5.%77F -

a
Cation ion-exchange
membrane
Anion ion-exchange
membrane
e~ "o
' ° )
@ )
Py Co-ions

4] LH]

carbon

Fig. 2-5. Schematic diagrams of (a) CDI and MCDI unit (b) working principle of CDI
compared with MCDI (Li and Zou, 2011).

12

doi: 10.6342/NTU201603590



224, TR T e

Q?é%iﬁﬁﬁé—ﬁ%%1?“§&£ﬁﬁ’ﬂ”?&W@E%ﬁ%

B 2 RHSF AAF RS o B G R - AR EE R 2 Fs o CDIL

=

2 AR R AR KA B TR BT Y R D BB 2

#F(Anderson et al.,2010) > @ p & X P £ 4R o

CDI $tjiré § 7 it s

@ BAKF:-4m 3  CDIEE2Z A RFvER 75%MF > FEE & 5k

(b) ﬁ:iﬁ%:dﬂ%ﬁi@i@%@%@*ﬁm,zﬁﬁﬂ@ﬁﬂgg
o EPEEERY VAL TR

(€) #IEFi7 448 £72 F 10 ¥ CDIg» g e diin, - =gy ¥ -
AR F P A RE PR WA SR M AN K 2 F R
AP FRL -

(d) ™44 : CDI &7 ¥ sk iz ® > 301X F R (0.8~1.2V) 22 MR 4
(0.2~0.3MPa) ™ ¥ 4k it > % Z & * ~ £t ik -

() #HiTH ey b @i : 7] CDlI R ken® £33 > AR &
TR s BREFREER RPN pEBIERS -

() Frgitid /e p s 2 KE LG 2EaffT > FIU7T L4

@R T kAR L
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23. A F T F ARG T F 3 B HF
73

231 2 F TV F kN2 FFHPR

WiT- B kW AR et A2 T
AR A B TIEAR - 42 BES FIZ R 2ef 2 i > 2 JAgpA bR 5

BEAWMI T I A el e p b S @ R R YR Y o

Foome ppag o p R 2 BESe FED SHch FR Y TS5 B4
T %k Al e 2 < b Ak sz & 7 2 (Logan et al., 2006) -
BefX BES »bakii b ¢ GRE WG FHF RN o L pA R H D

BEVEEFEAEY Y > U4 BES et o2 at W o@m kA T a4 RB
AR Mrd P2 AL REARE TS BiiEe Y TR A A L3 B
GEAFR S Biberid X2 4F 4 o Fig. 2-6. w7 0 H P (DA B F G BT
2 F 3 mREAETE AL QAT RRAL 2 T AL~ (3)R 3
BAE LG ST AL (4) A AF T AT S L  (B)R R
iR g A a2 I ET S abs»]f.i”%ﬁ‘ 4 BB F RPF AT = 35 4 (Rabaey
& Verstraete, 2005) - — 4km % » 3 BES 2 A% a4 + 5 % T REE
IRPEF A BRTA A ZRRAL A AR AP ATHEAN FRE
A REHAE T BEESN RN AR FBES HATR S [ 2 1 L7
<+ (Logan, 2008) -

T
1
I
1
I
I
I
I
I
: Catho‘de
1
I
I
I
I
I
1

Fig. 2-6. Potential losses during electron transfer in a MFC (Rabaey & Verstraete, 2005).
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30-BES 2 A R FA BT v3 G 3F UG EPR > - B U
FR %D TR F BH I B RGF D EAEEE R AN g g
T T2 = &4 F(Logan, 2008) « H ¥ » TR ENCHRE 128 - 2 A BES i

REWEF AT P I G

-

%
HEFHR e ST EPAE LKW/MS > &5 % a5 e 2 4p e 250 T
Hpoz F B4 3 F HARHEE * (Logan, 2010) - F) it o B S ﬁis?J as
Bag e Laiamier ARy BES % 5280k

\
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232 2 PR F AR FTF IR LR

At H o B CDI WF (T MT R T(<L2V) ¥ EiHE 7
SRl RBHAER > FIP R G ML 2 B o m ¥ - 2 5 o BESEEV KAk 23
Wb TS T DR REE I P e R AN RS S R
AT BES AR IFRF OV AL FIBER > ¢ 3 FARNELFT

B R RBETRIP I AT REFME O RIRE T E kMo th 2 g T B
ELF 2RI HITPRERE X L - ML D B RS REMER Rk %I R
e 2013 &£ pF > Fengetal. = # f* jigd = v 2 4 Spd CDI £ ¥ ¥ 58 7% '
ESRe I § fﬁ,%ﬁ;ﬁ kP2 gpEgS ey ApS o ¥ ¢b s Yangetal (2013) JE* 4B e
ZPRE 2R e SR AR T o 1% MFC Ses X HAEA 0 3 f kY 2 e o

Feldo o RFIHFPER RN T RGFR AR E L ERS
FUFIF AP I LRI U DA R 12 T R B RE R RS
%ﬁﬁ%%i%ﬁﬁﬁﬁﬁi%ﬁﬁ Flt A P A KR T g B AT KR
F o B o @ 2014 & > Wen et al B Sk R B R P 2 B A T I

%w€$¢;é$+ﬁﬁ%*’ﬁWﬁ%Em%biﬁrﬁo@iﬁpfua&

f”ﬁt_ﬁ’l*z\réI%FF¥;§E5§JE&~5}—,&.’§?‘§37‘$§;7?;Fé&’%g S
AEEBE S URALF TR LR kT BHN R DAL KA 2l

Frgll ~o B FHME 2By oS W F L2 A T F f A5
B R HAR A AR M AT ] 2 2 iy 0 BEIE4e Table 2-1. -
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Capacitive deionization cell

Carbon electrode (=)

Penstalte pump | lu-

|
| Microbial fuel cell

Cutlet

Inlet -
Feristaliig ]
pumg =

Fig. 2-7. Schematic diagram of the MFCs driven CDI system (Feng et al., 2013)
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Table 2-1. BESs driven electrosorption process in the past research.

Maximum energy

Power source Electrosorption system  Target for removal output Removal efficiency (%) Reference
NaCl solution
MFC CDI 2.6 mA 73 (Yuan et al., 2012)
(60 mg/L)
NaCl solution
MFC CDI 626 mV 60 (Feng et al., 2013)
(100 mg/L)
Phenol
MFC CDI 950 mV 83 (Yang et al., 2013)
(100 mg/L)
NaCl solution
MDC MCDI 746 mV 74.4 (Wen et al., 2014)
(1000 mg/L)
NaCl solution i
MFC CDI 1320 mV 83 (Liang et al., 2015)
(1000 mg/L)
Tetracycline
MFC CDI 2.0 mA 51.48 (Yang et al., 2015)
(20 mg/L)
Copper )
MFC CDI 300 mW/m 63.73 (Yang et al., 2016)
(20 mg/L)
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TR LFTME 2

A HFTE AT REY G RS PP R ;Mzﬂ 7 i (Logan &
Regan, 2006) > & & ALRI B LA R e ni Fl2. - > d WA VB BT &R
h

ERGE AT CRRF R I AT DA AT R R F LR S
- T £ BES L REMAAE K T HY L A HE T R e

SO e A I Y EA A R S e R oW T AR S A I SRR i Sl
5% & 2237 1+ (Logan & Regan, 2006) - 5 P B4R B L 2 A T L F st

o ez B BLF s BPL s & 7 B 3Ek % (Zhaoetal, 2011) 0 ¥ F1H EF
HEFFPERRE D S5 A TEY Z TR

pae AR IFTEEFF I TR R S BES P27y 0 4
PRGN R AT B ARG By B L d M HE L L g iR Y
EARS =p o L e Pt FRTHEET S TR s R TR G A
??4®%w4’mﬁJQﬁ%mSMMmmJ%&oBﬁéjpfgﬁﬁﬁ%
BRF L xAbe SREZ AR E ka2 H MFC k32 R REH S ﬂi;J* £ 1.5 & (Tsai
et al.,, 2009) ; & & f|* it & & 4p 4% (Chemical Vapor Deposition, CVD)z = ;¢ &
= % ;¥ s % & (Carbon Nanocapsules) it 5 & & * WH L F&T &2 §F * x4
(Shanmugam & Osaka, 2011) - e & * % f HR 7 5 TP FH G 3 2 @Wir>
AFRR > @ H 2 F R X FL4(Zhou et al., 2011) -

Fig. 2-8. Electrode materials used in MFCs: (a) carbon felt, (b) carbon fiber, (c)
carbon cloth and (d) graphite.
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241 R HREA & HE

AOAALE Ed RS i A A2 SRR E LR A B KLY R -
LG R A gy 3 F k2 7 & (Graphene) - & ik g5 § REE BT o
¥ & G HEEZ F B¢ (Single-Walled Carbon Nanotubes, SWCNTs)2 5 B2 F & ¢
(Multi-Walled Carbon Nanotubes, MWCNTSs) » SWCNTs iz tm » H & j= % 43 0.8—
2nm @ > @ MWCNTs # &2 g B =B 3 4 %% » 5 /2 94nmmt o d 33
FARE LG AW ETEE I FRETER B AN E B
TS EREE AR LA TEME R - Y R A KR £
V5 T = 480§ 583§ 2 (Arc Discharge Method) ~ & &4 7 4 /% (Laser vaporization)
v 8 & 4p i %2 (Chemical Vapor Deposition, CVD) » e p w0 3 ¥ B & 2. 3 K 8

FE LT AENRY BEFML

# 5t 4F & k- (Nanocomposites) £ 3 2 5F ¢ < TR G fi A fE e b R
AALRZ R B D - a2 R A AR K R e A A A MRS
TR R A A R M 7R A4 & L2 & & ) i (Phase Morphology)
g Jo (25 (Interfacial Properties) 348 & 2 AR 5 Fie~ B 580 - &
fE o EpHAEL PR RRERZ AR VREIKFEHPAL T
S SR 2 5F AF £ # (Sol-Gel Nanocomposites) ~ #& > 3] 2 5 4F & #L

n>x,

B
(Intercalation-Type Nanocomposites) ~ “" ~ Al 2 K 4F & # # (Entrapment-Type
Nanocomposites) ~ &1+ 2 5t 45 & # ﬂ‘F—(EIectroceramic Nanocomposites) £ 5 11

% K 48 & #4#L(Structural Ceramic Nanocomposites)(Komarneni, 1992) -

FOARMEFIE B SHEERT oY RITL AN MR R AR
WHEAC RS E A B RN E R 2T TR bl R E B R
REpora 2 4 HAF:S BES 2 4 * » n{ D HBRp A e ET
(Qiao et al., 2007) » & %2 KA FE - F L4588 > )X B 5 24§+ B:En
4B e gy 4 20 ki sk (Woanetal.,2009) 0 ¥ - F om0 & T

7 R PE(Chitosan)i & » @ Hi 4 7 K AL E PR ¢ 2 AT R T (Zhanetal,,
2011) -

20

doi: 10.6342/NTU201603590



()

Fig. 2-9. Photographic images of water droplets on the surface of (a) CNTs (b) CNTs-
Chitosan composite material (Zhan et al., 2011).
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242 ZRHIVFE &

ZRTEHPTE ANRETFIEETCEAMAEY G FEL 2R

Pe

;ﬁ€&~%ﬂ%f%$§$ﬁﬁiﬁw?¢xhﬁaﬁ@@w ol ia
RS A BIEREAE Y ek T A e Bl Fl sl T AR RAR S A T MA@

Y
)

(RIS SEEN S48 A L
TR Mo

Yk R R & & 22 B (¥ (Zhai et al.,, 2013) -

Lk

CHIHERIBEI A HPFRZIAFESFT - 4o
2010 #p= Gui £ A fI* P EFpiifL >N AR AREAN > REE G LH
WRE TP IR TRED - F300F ~ B3 T2 k2 T gt
By RR S a4 o Fptay B TR R Bt 1 (Gui et al., 2010) ; @
2012 # Chen % A §|* 2 5 E 3

A

E'SH - BRERE LV wITEL B AT
Tl F iR, ¥ A R

‘U\\-

EoF MRERIRETIRERT T ELLER
oo X gL AREs T F B2oa £ % & (Chenetal.,, 2012) o ¥ ¢F > 2> 2013 EPF > Yu
FARE G S s = T#x,a,kﬁmp il AR T e R4S
IWIMBRARY CRHE AR EF- K325 taon WAL B REAR
*ﬁ%a~w@ R BERER S LRI = aT AR (Yu et
[,2013) o Tt » Z IV F MR T N G FIF IV o deiF L5 .

ﬂ'ni

1'-‘\

ﬁiﬂﬁﬁ‘iﬁﬁﬂﬁ % i H#\Ewé{iﬁ’?{£¢?&%4
Bz pbps Bmba A H ki FERT -
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$z% HEE- 3

31 RHERARA

311 % ¥ 5%

KGR SEALY 0 At ¥ 5o Table 3-14 7

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

ZRY 2 Lf BRE L R R
fir fi& 4 Sodium acetate, CH:COOH 99% Sigma-Aldrich
L= & 49 Potassium dihydrogen phosphate, KH2POs ~ 99% J. T. Baker
L E = 4 Potassium hydrogen phosphate, Ko2HPO4 99% AENCORE
BRL T A Sodium hydrogen carbonate, NaHCO3 99% AENCORE
Bk 4% Magnesium sulfate, MgSOa 99% Sigma-Aldrich
F (447 Calcium chloride, CaCl> 99.5% Merck
g it 4 Potassium hexacyanoferrate(ll1), 99% 2 ol g
CeNsFeKs
% 1“4 Sodium chloride, NaCl 99.5% Merck
i Fit4e Potassium hydroxide, KOH 90% Merck
B ik Sulfuric acid, H2SOa4 97% Sigma-Aldrich
b2 i Nitric acid, HNOs 65% Merck
kpiy f& Acetic acid, AcOH 99.7% J. T. Baker
A0 RpE Chitosan, CS — Sigma-Aldrich

SRR F ALY

RER 3

Multiwall carbon nanotube, MWCNT

Activate Carbon, AC (F-400)

A S

Chemviron Carbon
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P Ak
ERy
§ig
PR
9 ik 4
R E ©
S0 ke

COD =4

Iron(111) sulfate, Fe2(SO4)3
Zinc chloride, ZnCl;
Copper chloride, CuCl;
Nickel chloride, NiCl
Cobalt chloride, CoCl:
Boric acid, HsBO3
Sodium Molybdate, Na2Mo0O4
Polyvinylidene fluoride, PVdF
N,N — Dimethylacetamide, DMAc

Digestion Solution for COD

99.5%

99%

99%

99%

99%

99.5%

99%

99%

J. T. Baker
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

J. T. Baker
Sigma-Aldrich
Sigma-Aldrich

Alfa Aesar

Hach
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312 FHRAAERE

AR ST 23K K 82 B 4o Table 3-2.47 7

Table 3-2. Manufacturers and model of experimental instrument.

Y A5 Wi p
RS T S 7700/2200 Keithley
AR E AT & PM100 Hach
13 & R 60 mesh
TR XS 4250C Precisa
FHBRATS A4 HR-200 AND
e MWER SP131325 Thermo
BERER Color Squid IKA
74 DOV30 Deng Yng
B 7 A Chemker 411 ROCKER
COD “c#t 4 2l CR25 ROCKER
54 Tk MF-2060 Basi
RIESTR CHI-627D CH Instruments
®T R SC2300 Suntex
i e pH 510 Eutech/Oakton
vEd J MP-1000 Tokyo Rikakikai
frde ¥ %+ A JSM-6330F JEOL
RGP IR Autopore 9520 Micromeritics
¥ & BRI ASAP 2020 Micromeritics
25 A BT R DC150H Delta
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32 AFTE ARERE

321 #APFRPETHE ARER

e R S R BRI O SR S AL e
Wi R R 2 & N ACRITR AT KR BB R 100mM 2 4§ 4003
RITER I ERE f o A KA MR B R4 e BHHE S 28 mL (v
EEEEEA L S 14mL) > I3 EEY & B 2a f 5 25cm x 25cm 2 1B EE+
2 9% (CMX, Astom, Japan) % [& 15 ~ et 48 > B pFig B i Bifo i
2 /e kAL REARY > A BN A R R4 rﬂ;m%ﬁ]& e W, X
Wﬁ%?%&%’uéﬂﬁﬁ%ﬁﬁiﬁiﬁﬁoa?%“iﬁ?ﬁ’*%?ﬁ
TZRE N 1I5% 2 AR T e - S N A EIHI LT RTEREAG 024
HERLREAGZFWSIT OR R FE AT S
Atz TR A G I e kg A o g R AR T I A A2

TR Hr A LR sk e Flg 3-1.%751 o

Fig. 3-1. Schematic diagram and photographs of MFC reactor.
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322 A PHAMTR ANER

AT FRF LRSI FRBT S Rk e 7
ﬁﬁ‘hﬁﬁﬁwﬁ% Bk xR A R AR TT R KRR kR B ik
SN Ea i o k4 =g PR (Hydraulic Retention Time, HRT)% % % 18 |
P oo At s B R AN R T 0 a AR kR S 100mM 4B
GUARTEL FAT R RBHAILR Y T A5 17000 pS/em (10 g/L)z
BoREBR AT ZF R BET AP RS BRI EIEER T
Y 5 250mL AR HBBAL S 100mL > X HEEERAET Y 5
5 25cmx25cm 2 £ 3+ < 45 (Anion Exchange Membrane, AEM) ~ I£ &1
R FRE e 5 250om x 25 cm 2 B 3+ < #% % (Cation Exchange
Membrane, CEM) » & % @ A 2 A 35 7 ,%gr} RN EHPEIEE S &
2R ARG HE > A EPRB2 Y o A A AR TR Y 2T R B
R mize kR s 1I5%Z A RBRT B - PR U B3I RPERT
im0 2 % HEWRREAGZ GBI ORCEERHRT AL Z TR oMK
PRBMT R AANE A P AL AT 2 ST L R AT
BT mE T AN - A A4 T o Ak 7 R B

£ R B B 4 Fig. 3-2.97 7% o

Fig. 3-2. Schematic diagram and photographs of MDC reactor.
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323 FkmE 5%

RGP e 2 fied Fe i T s B et Ko W T s w L 20% (VIV)RE 5
FTR BB FRARR R TR G S @0 R RS R RE
B B BRI TR MR EARY A 2 ¥ R R BRSO pH B A
PR T E P e FRUR R 2 BB R T S E- BURD YRE T BIA
0 e i AaEE A o Bl B00mML 2 B & 5 R B Y o BIS R R 30 A4
@’@%J%%ﬁﬁiE%Tcmm $fepin 2 500 mL > EAF A= %

FIZFER Y ARG RRT LR e f S FEAY 0PI E SRR L k2

S

W R RE IR KR <R g A A e Table 3-3.#7 5% o

Table 3-3. Composition of synthetic wastewater

Compound Concentration Compound Concentration
(mg/L) (mg/L)
CH3COONa 1600 CoClz - 6H.0 238
K2HPO4 3400 CuCl; - 2H20 2
KH2PO4 4400 ZnCl3 70
NaHCOs3 2000 MnCl; - 4H.0 100
NaCl 500 Na2MoO4 - 2H.0 36
MgSO4 200 NiClz - 6H.0 24
FeSO,4 - 6H20 1000 H3BO3 6
CaCl 1.46
28
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33. B ar w2 EARETE

331 SEEEFRELBN
AT R SREANMETLITRHAL A B2 2K REF ST
ERAUIR B BF T FENR Y BRES L AEF R L 2
FRR o SRR L RUE B FAeT T

(g

N\

Fep- 1002 S REA KA E 40~ 200 F 2 2 BM AR > AR E
do ~ FIREHL P o

I RRAERLESRFARTE > RT3 A& -

I -8 B s 300°C ™ » scftiw iz ] pF o

IV, FHS"ET 286 Y333 Rtk s  EFaRpHERZ R 0
V. % 3§ ERES BB 2R AR Al

VI 8- gris 2 g BT 24 0 BF 0 AR R ks

332, FREAARE/B T RBHLEAHPLLES

i S ) FHE LAY ﬁk(Wang et al., 2005; Liu et al.,
2006)» 1B F ARME S mA M AFAPAAFHE AT REBEZREF BT
R FE(Chitosan) ¥ 5 % Bz F A& § 2 4% & &|(Binder)» | = 5 B2 % K s g /5~ RpE
FENHR R EIE S N BRI REES T RENE R AL 2 b
E o Tt r kARG 2% FEEBIRTELRA - SRS KRR BT AP
BprpLz R £t qgig 500 rppm T AL 28 ) o R AR GRS TE FT S

BEA KALEIS T RPEZAF S N HE 0 B & &2 Mo Fig. 3-3.57 7 o
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MWCNTs Chitosan 2% Acetic acid

Stirred for 28 h MWCNT/CS composite material

- B

2000,

Fig. 3-3. Fabrication process of MWCNT/CS composite materials.

333 2RI FANTERLUA

ARG R BB ok ] g2 sBi 2 KK fia s 4 (PU sponge)
fE5 2t Fd R iEA - d AT 2 2 I A TR ] 5 2 it hiz
% i+ (Dip-coating)ie 7 % 1% » #-PU /& % 4272 » 0 5 B2 B E /5~ RpEif &
AL Bk AW E R Y HE - KRB A g § 4 105°C 2 444 30 A
o A FAND S ks EFREHFZ A RT @I Z A ANTE

o

2

i

g

S

Ultra-Sonic

Fig. 3-4. Fabrication of three dimensional porous sponge electrode.
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34. TR T EE

341 FHRMRTEZ UF

A
3
==
3
*m

Rk AR F-400 TR 5 R 32 B KR 2 TRV A B
OTIEE B G EAR Y RS L e

R FOTEMRE R T B R R % R ok R Bolk o 1 R R A
¢ TR FERTEEG D

i 15 2. MRLE RFT B T s Rtk o 3R BT 2 A A U5 60 BLE
PR o FERSTR O 2SR RS 3 0.25mm e

%ﬁ%?ﬁiﬂ%*ﬁﬁ%%ﬁﬁﬁiﬁﬁ%ib%”ﬁﬁ”9ﬂi”ﬂéﬁ

. e > B o — ke S Ao S e Yo
ME  TFhrfggz - " Az fg P37 1 5 0%

&

Bl o >t 500 rpm TS
FIHFEERSI 22T RRM 2T NERFER R EMG R

s

JHHONERDY > TR A F R S120°C 2487 B 7 & 4 50 mmHg ~
B0°C 2 3. 5 40 & Wic kA | 5o 113 R E I ¢ AR G B3 o g
RPZRHE I RE A S TPV FLTE IR T EE 2 EMRTEREY o

Activated Carbon )
+ Stirred for 2 hours

PVDF Polymer
+

DMACc Solution

A4

Carbon Slurry

Dried in oven
120 °C, 2 hours

Dried in vacuum oven
Carbon Electrode Carbon Sheet
80 °C, 2 hours

Fig. 3-5. Activated carbon electrode fabrication process flowchart.

31

doi: 10.6342/NTU201603590



342. RRIMPIEE LR

ARG R 2R RS AR AT ¥4 43 Bm(Membrane Capacitive
Deionization » MCDI) » & seff R 4% B4 HF > £ B 5 A FET P2 &
BEFEe sl it m EP TRz ff s 7 x 7Tem? s £ &FEES 0.8mm >
PR 2 8 RIS RGRI BRIt e S R S T RS R B e g

THEEE RS L M A f TR L E R TR k2 s 4

-

MO LR M RE N 05M 2 Bk BER S AmIE L RE

ARET o @ * o Fig.3-6. 5 kAo LW e

&/Oﬁﬁo OO i OO/OO oﬂm
)

] ) &
(e
a |0 [0 : ) ) ) e
0 (
wd |0 A0 0 0 0 0 e

7

Fig. 3-6. Schematic diagram of MCDI reactor.
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35, 2RIV F R T FRFHELA

AREE TR 2 2 It TR * 2T = R(CHI-627D) kR 1M 2 Frfk
BT EFHTFRHEELAY  RERPM F ¢ 7 BTk KRE 2T &(Cyclic voltammetry,
CV) ~ z_% 7w 73z 7 i) 3#(Galvanostatic charge and discharge, GC)¥2 7 i & fe s
17 (Electrochemical impedance spectroscopy, EIS) -7 & © » & * = 4&;\ T it & % 2o
Y44k Sk (titanium wire) B SEFESk 2 TR AL 0 A B iF 5k B 18 T & (working
electrode, WE) ¥7 ¥t + 7 1& (counter electrode, CE) ¢ * - % % % 4% (reference
electrode, RE)R| i * 41-F * 427 #&(AQ/AQCI electrode) » = #&5% T it § F &1 4
Fig. 3-7. #77 o

T
]
Counter Sparge with
electrode%} %. nitrogen gas
RS
|
Workin
electrode
Reference
electrode
(Ag/AgCl)

Fig. 3-7. The schematic of electrochemical analysis.
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Iz#ﬁkiﬁlﬁ}iﬁ%&%kifr—ﬁ?@f j‘ %F;}k ’m“g/?]—‘\ ﬁ.‘/”—»j%“' °F|g 3-8.

(a) PV&I%'J"’?/Z:\/)JL’-'}’? %7%”“&%’]{]?}”&;{%7’\]}% ‘”ﬁ'?éf‘?ﬁj“"oﬁ’,}_

I R R

i
SRR R GFET T BRIEIE BT ()3

5o

T2 T FEEC) ¥ EA T O RETFELRERR

> 2_ B % J4e Fig. 3-8. (b) #77 0 R -

xH—
-\-”—
B
G
i
<
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&3
B
%
=3
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2. BA 0 R 0 LGRS FiTie

ERTTE S SRR IR PR AR ST L L

A B THRBRE Y RGHYPS LA, 0 Fig.3-8.(C) e A T F B2 <] o
PIEAR TS 28T A HR R Y ch- AN R 3 H 4ot 31 9157 o

Ve v
_m 3.1)
i C:w % E(Fo)

I FiniE(A)

m: &R 2 7 2(9)

V' dFd & 5 (mVs)

Ve Vo g Bl g 7 =g g (V)
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Fig. 3-8. (a) Potential-time, (b) cyclic voltammogram of an ideal capacitance, and

(c) cyclic voltammogram of a capacitance with resistivity.
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352, LTI R

Z_7 o o2 g B3R (Galvanostatic charge and discharge) i 5 — fa:= & % T
FEUER 2K 2 2 0B FRRALIF &Y 1 TR - ALET R
BEAT O ERTCEREFZELEF a T e E i @ T RiE A%

TOMTREDSLD SRR R AR R DL ERTLE T

v

o T A P R BT h 2 TR TR A
Y R T 0 R T M2 AP AR R FE 0 BT R

PP RIL R R FH oA R TR T Y R R RV REBEETCER
B2 7 e AR A e ET F Bl AT W S Fig. 3-
9.(2) > R E2ZTF BRIT a0 FIHFL P R dia A5 & g TR % "% (Voltage drop),

¥ # % Internal Resistance (IR) drop » +4r Fig. 3-9.(b) #7771 °

(@) (b)

I IR drop

Potential
Potential

T IR drop

Time Time

Fig. 3-9. (a) Galvanostatic charge/discharge curve of an ideal capacitance and (b)

galvanostatic charge/discharge curve of a capacitance with resistivity.
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'Zim

353. i FrpiLir

T it & re 44 7 (Electrochemical Impedance Spectroscopy, EIS)* # L5 2 i
st BAFEHRRF BEF S FET AR A2 ¥ R F s R
FHTEE - VR TRIFFERNAF B LR TR > BB Eulers
formula ¥2 Ohm's law ¥ ¥ — 48 #ic 7 % o1 3] & 2 FEd(Impedance) » FEFLIR A 7
P fms 5 7 Fe(Resistance) ~ 7 g (Inductance)#? 7 % (Capacitance) - @ #7j& {8 2_ #ic
i oo Vg W 2 on B 3 (Nyquist plot) » 3 4245 B2 :E 7 & 2% T B (Equivalent
Circuit)2- 3K 3+ - B T s TR 2 Byt & > 7 REF L1y BiclE » T 4ap) & i
WRETILEF B TR ALK

Rs: electrolyte ionic resistance
(b) Rct: contact resistance
(@)

Zt: transmission line impedance
Qct: interfacial contact capacitance

Rs | Rct | RE(Zt)

Qct

Sl

Rs Zt

— Rct

v

Fig. 3-10. (a) Nyquist plot of EIS response of a CDI system and (b) equivalent

circuit of CDI cell.
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36 2RHIVF TR F2 0 FHELT

A 2 2 I F RS T AR AT R A AT e

AR G S IR _f;égﬁ,}ﬁ;y\?ﬁpuﬁ W2 EFNERE

3]

36.1. BANICHILELS TR

B A& N 3Y 3t = A 45tk (Mercury Intrusion Porosimeter) % 5 £ B E 3tk
y

(Macropore) 2 3¢ [4. 5 (Porosity) 2. #+ 32 4 453 ;N> H RI2 5 S -2 § el 4 5 3k

A2 R REAGEINIUFY RGBS IVFZ A A - RS T o R AN

B AR L2 A RIS SRS 2 R PR AL B T EE

AL ICH B A E A

3.62. WA RFHIHALGAITR

I § § % E=0qd s (Nitrogen Adsorption Isotherm) & feB~4 2 1t 4 &
ForPmRBLRY PERZ2 - HRE ﬁ FH A E A B 2 R
W RS T BERP A G AR ME(TTK) T 5 WA T E G T a2 I et
o RS TR HE2 T e R R RN T e R 1R
BET #7234 (Brunauer-Emmett—Teller Theory) 5% 3+ & IRl =20t £ 6 F4 o
TG o g a4 e A ERS T E AL S SRR LB
FASE RS S 241 % BIH 323 (Barrett - Joyner - Halenda Theory):* &
FRI R 2 TR I R AR

The BET equation

FF O Wisnti ez £ 8
PolP © Ap %3 /& 4

m B HEsHE
C:BET #i#
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36.3. #fw: T HEE

49 3 T+ B cst(scanning electron microscope, SEM) % & % & S A 15 2
RE BFREZEELTIRFPSEFFHAEALZ RN E2T 4 LETE
BHREL FEHRITIFIAREIRY REAFEERREFTYRHE F R F
REFRFERAPF RN T AL LA Pl il S MELEER S 28TV i
BF AR Rz BIGFTERSI VR BFE LG SHEL T

36.4. BELF&K

# £ £ 4~ 7 &k (Thermogravimetric Analyzer, TGA) % if| £ 4 F #1113 B 2.2
FHERT ’/w\%fr#’ﬂ%?‘mwﬁ’%‘ui T2 AT B BRI GRS R T
FTOoEBRIAER CFEARAFEIHRSET

SAZ EFERCAREIREF CERAF O OBRSEFL AT CHBEF A
A2 ER 2 P THEBRSTEALPFRLZEE R TP 2T M 2R

BARTUL 540 6% gL o

.‘:“g
Rg
vy}
3.
(w
5
i
5
-
F_L
=
>/
‘\*“\
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)

/
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37. 4% B B2 AT NS AN

371 TRERE L&

A TRET R Y 5 Bdha B R B (Keithley 7700/2200)
FESABEH- X2 NRERA ST F ks L FRET AR T
A =S R R e < A ik 5 S ) ICL AU R A U T B
LG frfs e ol PR R MERE IR E TR T L BT
£ 2 g3 g EJoule’s Law) 2 gdt 2 2 (Ohm'sLaw)ie (74 5 {6 » 7 EEF T L & &

Sz A mH FH N4V 32 sroT

P=1xV (3.2)
P P g (W)
[ 20 (A)
ViREWN)
372, pRIEAY
4 F T LE kB NI E T ﬁc} & it W &AL 5% (Polarization Slope

Method) ¥ = & % A& *% & ;* (Power Density Peak Method) ¥ (Fan et al., 2008) » &

MR RAFE B S BRI EEER AN TIEE TR A R 2
Bl AR N2 T RET S % T F s R IRFE R [k SRR
A BB A T (Open Circuit) » R B T RABS T 215 » $rid P VN TR > i %
dB T ST E(d 200KQ 3 5Q)E T 0 & 10 A48T I i ¥ ek

RITR - BBA AT EE v g W& ¢ s (Polarization Curve)* # & % & &

=

41

c\»

s (Power Density Curve) » i&a 7 @ 4 A2 N TILE » A A 473 2w A

4T
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Bl R e T Hm P (TS BRI RAIE ST HAT 2
TE) RBET IR EIRAMM G SEwE LET TR Biht | £
w7

RRIEE RURE D o Tl EE TR AT
o

AR
pol
¥
=
(w,

|l
\\—
4y

2 #FHREE:Z

SR 33T @ f 4T R ) IR AR N ] g
’%;:'Bi: 9 Elj /:Li L‘fb? Zé%gﬁ""‘ﬁ%]ﬂzjé _3 o _'k ll—L ’ %gd l:ﬁs A;% ?&%IL HT‘?[?J&V— 4‘&
DR SRR RS S PR S SN T LY S EE

PE R R PN BT T AL G SR ) T o

\‘“

2
ex M (3.3)
(Rmt + Rext)
8P Pmax ok AEx# F (W)
OCV: s i T 382 BT & (V)
Rext © #74& 2 *h IREHYQ)
Rint % 2P T 12(Q)
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38. 2F IV H A2 RF LT

381 nEITFE

i<

TiEA TR AT B REREPATIERAR  AE LY N R 25 R
(Chemical Oxygen Demand, COD) ¥ & %] kg » & 1% Wb & 2R 2% i3 ik ik
ﬁ{%l“ oln\’}‘rﬂﬁﬁ’f”éiﬁ’»ZmL ﬁ%"ﬁ ’]f% 4¢ ~ COD ;}né{;.] » % 150 °C

T R B LB AP T R 0 S H AR A R RIEF A o

382 ¥TR

%7 A& (Conductivity) 5 3= " B re -k 2 - 5 & R 4pik> * R RI3
P SRR AR RLRT AT ER G AL Lom2 £ lom 2 RET
PR ipfice ALY RF FHNRFTANR FPRITAS T E AP LM
B ETRR®

g,m

383. pH &

PHER 3R 83 FRO- B4 72739 TL3RY BékkR2 £ 14
RIS BB EE B2 kARl - R pH EEMNAEF Y B EL S
Tig et 2L 2Ry 5 pH B3 € $REET =7 % (Qu
2012) » B kA RRERER Z RN AP T ME 2ok FHEFEE
AT P S H R RFAR S F PRI AN E AR PpHER D -

42

doi: 10.6342/NTU201603590



3.9. #5%F % (Electrosorption experiment)

AEFTFEFAMMAFRBT P R T 2B AT R 2 B
UARAFRBRA TR LN ERERAETFEME AN P2 DRERS S
BRI R 2 R R MBI F 2B o

Fop* 2l 3 A ST RE [ PR NREFER R REA

5 100mL >k sersgds FoF dpd ke 5 10mb/mino 3 g2 ok IRF fes g
BN EAFRAT R EFRE R RE R BRI Hdp R B F (Keithley
7700/2200) > #% & 30 §) - Bu & H T RE T n2 B o @ T g B3 e Pl
MR ETRIFL Ry BT ARG Y AN KTERBHACH)EHE 14
TR - B2 P N EERRY AT AKE TR EF ~F P HpkRKERY

FePoaz & Y4z E o kST R B4 Fig. 3-11.4757 o

Sea Water

............................

iwAvA|Ava]lviwi
o [
:f E
_____________________ &
EC Meter

T
Outflow

Inflow

Pump

Fig. 3-11. Schematic diagram of batch mode electrosorption experiment
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T F sy TEFZEKE TFANTRHRIN RBFH2Z TRREEET

A T "t >§ £
T v 't 7 £ (Electrosorption Capacity) 5 # ¥ = 5. & 2. E M & &3 T 2 it iE

AP TR T2 IFI EMEREAT) A RERHEEA M 34 & T o

Q — (CO'Ce)V

- (3.4)
;7 Q! Rtz Tty £ (mg/g-carbon)
Co : 44573 i )k & (Mg/L)
Ce : i wx vt rph 2 i3 7% 0k A& (Mmg/L)
VAt (L)

m: T &£ & (g-carbon).

B. &
@ w2 (current efficiency, neurend) & & i A2 H 2 G T R & F RALE f 2 BATOT
ARFEZFAE T N354T o

(CO Ce)VF

ncurrent(%) - f— X 100(%) (35)

;9% Cot 474503 ik & (mo/L)
Ce: v rg T frpF 2 % % Jk B (mg/L)
F: 23+ % % #ic(coulomb/mol)
Vi (L)
ks T on(A)
i# 7 pF 7 (hour)
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41 RS FmBE S -ENT F T L B2 T3

AT U ETRRT S MDC kA RE R Y o Fou e 7%3355? Tz
7 2 MDC )i 5ui¥ % &% MCDI 2 R it > £ 34 MDC-MCDI & $6%% v
ALY o IR ik A 2 Bk (10mM 5 mM -~ 2mM)2: MDC %t 8 ik
2 AR > #3®% MDC i 5307 e TR #rf 2 34 $30 MCDI i 2 B2 58

411 B3 BT oo 2 £

AP %= E MDC i sz A7 a4 » mgﬁdﬁ;i#ﬂws%l\l\?
MDC 4 st i8 (742 »d S0 BR2 § 3T € FIRGE T4 A v B HH
AELE TR B BPHEE N L2 2 £ S TR R
PR ST RS BYERFRLL LR MBI AR RS S
PFiEo R B FRMPN BRERET R )T 400 pS/om PFIET L H o A AR 2
B BRI EET 3P T FH o MDC kst fade g pE o R B RS 5
(T @b re > A gohmu ) iFE- % > F A ARRTREINETYE
(~850 mV) » § &R e/ #7dk 1000Q 2 *FRF R (- % » ¥ F MDC & LA 7
TRAEIF T (~700 mV) o TR Tk Bua # s o

Fig4-1.5 MDC i 5@ (7= BTk A% ~ "B L &N COD 2 'f 5 %1

B o> MDCig {7 @-A A" » 5 i g B2 ihainrks MDC
G dz m BT o R iR pe] 2 PR e (Hong et al.,2011) » Flpt AF %Yk
S ) L 05 Qz HIMTIERFERK o d MDC (s ind Mm@y v
o HAAZ RUNEFRBH P L LF A A TR LT ERBEN BROER
Mo R AT A L 2 RnAR ] o @ A IR R A FaRBARN BOLERPE
MDC s Sop 3RpEfisg it o 1345 Wen et al.(2014)2. 77 % 57 > § MDC p % % #
FoRER A 19/l BF o B A AR IRIEFRB AL P B RER R KT R TSR
SRR o 2A K MDC RN T BER IR <) o AR R EFZ B IR

UR% )?): Fé% Eﬁ J\Zc”'ﬁp,};%ﬁ;& 'J;}.\ 17700 HS/Cm » = IFI% 72 - 2k Eﬁw ’
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AN AR ET R A~ W E D 3505~ 302.6 &2 266.7 pS/lcm > 2 ‘% F i 98.02% ~
98.23%#2 98.50% > MDC % %u %8 %% % i 7 (Desalination Rate, DR)F| % 13.7 +
0.11mgh- 5 -6 > *AF%kME&ESXBKFL MDC AR k& » # COD & :
B i 1305+ 22 mg/L > @ = B TR BRI 40k COD kR A %) 5 2
189 ¥ 141 mg/L > ¥ COD 2 f_, % 82.0-855%2 89.4% % 7" ¥ MDCi& (=
ARt p 273 RS2 M4 @ 2 A B T2 RS Rt AR %
THERIMAPRBLATIEIPPFEARGL - MBS E S T2 57K
LT G SR N f'*’ BOER B LR Y G U2 JIATA o @
MDC & {74~ d ** J 3y AfE T > SEFF (TRFAT A 4v > % B bt R 2o

B PR BRI L F T B L] BE g P2
£ Rpene g T WEIBEL G BT IBERRY A B
RGP e MDC 2R KR 2 A RBERALETRET B4 ko 7
PEBEE AR KTRCHY MDC fiz @FibG €2 EE . a Fig 42,5
MDC kst fafh p g iRt R FRAEET LK PR & 0 RIRIB AR B R 2
COD itk ~pHE R R o LH3r 5 B F 15 & MDC % v > ¥t
SWE R fE A g fspH 2 T gz & g+ A fE2 FAE(Quetal, 2012) > & i3
F o SEBET L S PHL PR 5 AR %2 MDC hsetiE 5 25
2z AT o ®INRRZ pH X S 7.7 T R 5 123 mS/em - B AR N i3 % pH
BRI AL T31 75 24 0 A BiERET R L & 125£04mSlem > £ 7 & 5
WHFESEET BRI RS T 2R R ) g
AFRIL TN o V- 26 0 d W MDC ks & EREET o BE P K
A4 AR Fl Ot RN B R 2 COD 2 g 5 iRt 892 £ 0.71% 0 A 7
MDC i St B K AR > G & $3 2452 3 x$ H AR o
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Fig. 4-1. The current curve, salt removal efficiency and COD removal efficiency of
MDC during 3 operating cycles.
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Fig. 4-2. The variations of COD removal, pH and conductivity at MDC anode chamber.
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412 HAFHRBTH LRAKRBET NG

RAAFTF R gt 1 BB BES &7 P M BT et
Y 2 i#ﬂfﬁ???ﬁ%?ﬁ}ﬁﬁﬁm*ﬁf—iﬁi’#’”?f“ﬁi’s"féfi&%‘“
(Aelterman et al., 2006) - ~ F 2% = & 7 {4 % MDC & i3t i 4% MCDI & sk # iy
Az TR AN FRBTRET L FLHET LR E - MDC i %-MDC
kg mgr MDC i s o e e 2P 3R 12 5 1000 Q T 20 R ARE 2 ok 3%
TS 05Q T2 Ting AR ¥ T RT & B4 Fig4d-3. (C)# 77 o >t o
RTPET (T g2 FLB MER)> MDC 8 - ~ p B w02z 7R R
4o Fig.4-3. (Q)#777 » B - K SN e ’—,ﬂﬁ%]:‘:?@/} L% 650+£2.3mV &
683+3.1mV - #-a MDC i& {78 B > ﬁﬁi; PRV ET] 1203216 MV A #B
MDC i& {7 ¥ 8 > ﬂﬁaﬁ'*@m 794 £0.8mV o 3t fmio] IR R (W kLA 2
TR F 7o) 4-Fig. 4-3. (b) > ¥ - MDC%J g inAe w i 8321015 mA £
9.74 £ 0.21 mA » #-= MDC i& {7 8 B » ’f'ﬁa?Juimn = 10.04 £ 0.07 mA > @ H#-
MDC :i& {7 ' 8 > ﬂﬁeﬁﬂ:?iﬁﬁ'liii'l 17.04£041mV - d it fcdp v 4> MDC
SRR P TRERS ST OHAT N ﬂiﬁ%:‘iﬁ%‘bﬂ’fwﬁ’— g A Ak s e
TR TR E R A
1F 4 (Wang et al., 2009) -

Ha F7 i AR d 0 faFaipsin
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1.4
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S 08 - '
>
0.6 -
04 T i T i T
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Fig. 4-3. (a) The voltage variation with different circuit connection, (b) the current
variation with different circuit connection and (c) circuit diagrams.
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42 M F0P RS BB WD F 3 M HAL i H

AP R TR TR MDC kSRS R Y o e R (T
7?2 MDC ,x 3Li% 5 &% MCDI 2 5% % it J& > 4837 MDC-MCDI & %2t § e ot
WAL 0 dT 7 ik R 2. BR(10mM S 5mM ~ 2mM) £ MDC % B d ok
2 £ 3 ¥ MDC i 537 b 7 B 678 2 743 MCDI sy 22 3258 -

421 A FRBTA BB EET LT £

AR BT A A - BB ERAB R RG22 @ 22T 8 )
#1345 Caoetal. (2009):9F7 5 @ 43 41 » § MDC s Sk & 5 5g/L 2 Bk -
How@d b Ao MDC 2 p3ffedng ig2 b= o @ kA @ on SiE 88%RF
pFRFEFLd 25 Q K tgHi4e T 970 Qo & bR M H K ALF E‘His?lﬂz IR d
AR RFIEG AP RBH N T ER RS P IVLFLER 4 0 3 2 MDC ki
B IR R Bk 2 AR 4 R o T S AT EF 50 R MDC A i v
MAF ERARZE /D7 B MDC &2 H i fj\zf@‘*’giﬁfme:ﬁ B3z &3k
FedB gz P A o »t 2010 & pF Mehannaetal. #% 214]1* MDC i% 5 RO 2z % &J2
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Fig. 4-5. The circuit diagrams of MDC-MCDI.
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Fig. 4-7. The conductivity and voltage value of electrosorption process of MDC
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Table 4-1. Electrosorption capacity of electrosorption process of MDC-MCDI system

Conductivity
Removal efficiency  Electrosorption capacity
Circuit Concentration (uS/cm)
(%) (mg/g-carbon)
Initial Final Initial Final
Single 10 mM 5.88 5.66 1168 869 25.60 7.37
Single 5mM 6.03 6.89 601 391 34.94 5.19
Single 2 mM 5.99 6.67 253 89.4 64.66 4.04
In parallel 2 mM 6.12 7.28 253 81.4 67.83 4.24
In series 2 mM 6.06 7.31 247 9.27 96.25 5.87
In series MDC effluent 6.85 7.60 314 14.85 95.27 7.39
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Fig. 4-8. Images for (a) PU sponge and (b) CNT sponge.
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Fig. 4-9. SEM images for PU sponge and CNT sponge.\
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Table 4-2 Surface and porosity characteristics of PU sponge and CNT sponge.

Porosity SBET Pore Volume Poreay Diameter
Material
(%) (m?/g) (cm®/g) (nm)
PU Sponge 42.37 0.055 0.000198 108155
CNT Sponge 72.01 89.36 0.736 33.0
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Fig. 4-11. TG thermograms of PU sponge and CNT sponge.
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Table 4-3. Specific capacitance from cyclic voltammetry curves for CNT sponge in

1.0 M H2S0O4 solution.

100 mV/s 50 mV/s 20 mV/s
Capacitance
61.2 107.3 159.4
(F/ g-carbon)
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Fig. 4-12. Electrochemical analysis of CNT sponge in 1 M H2SOas: (a) Specific
capacitance at various scan rates, and (b) stability of CV measurements for 1000
cycles and (c) Galvanostatic charge/discharge curve with a current load of 0.5 A/g.
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Fig. 4-13. Electrochemical properties of CNT sponge and commercial carbon felt: (a)
Cyclic voltammetry curves at scan rate of 20 mV/s and (b) Nyquist plots from
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Fig. 4-14. MFC performance of CNT sponge and carbon felt: (a) Open circuit voltages, (b) Voltage generation with external resistance of 1000
Q, (c) Power density curves and (d) Polarization curves.
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Fig. 4-15. The current curve, salt removal efficiency and COD removal efficiency of
MDC with CNT sponge electrode during 3 operating cycles.
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Fig. 4-16. Open circuit voltages of MDC with CNT sponge and carbon felt.

74

doi: 10.6342/NTU201603590



445 2 F REBHEHSKIFRBT S 2 BN R

AP SR ET AR N ?&ﬁﬁﬂwﬁé%;ﬁd%#d+
T2 T IER50KQ -5 Q)E NH I BALR Y R LT AT RE
BIVEFAFTEEY A MDC % a?ﬁJMiﬂﬁ’v%%ﬁﬁ%“%k?ﬁ
2. MDC & sestm @ p B Kk R % ,L—rﬂ-%&%]mﬁ g B ik
4v Table 4-4.%757 - Fig. 4-17. ()2 (0) 5 # A7 & & * >> MDC kL2 # X3 R &

I

b R BB BoRER S 17700 uSlem > BT ARG ff 5 AET o @ ¥
= SR A AR S R & 5 1776.6 mW/m2 s pIRfEFLL 51.6 Q
F RS WARL k Sd & 5 1210.0mW/m? > pRRfEFRLE 113.0Q - gt
H% 4T o d 3 MDC ki BN 77 BIEZ BB Fp MDC 2 p 38
PR ) 3 432 & ¢ et 2t MFC & sufr A 4 20 f R, e s MDC [k 511 %)
TR AL NL R a R FR Y = Ik 5 FT iR MDC @ * sl T
B2 sde B % i 3 5 46% 0 £ 0 R RdR ) iE 55% - @ Fig. 4-17. (c)
gl smBEHERS ML 19g/L2 MDC s SRR SR d &> &% = /4
VAT Rk S X gy
BERLT 2k Sid & i g

% % 398.0 mW/m?» pFRfERLL 2528 Q; i *

P10

4 & % 2226 mW/m? o poRRFEFLL 3406 Qo bR E £

~E\

7> MDC i st5s B B Kk & "% MpF > MDC & ‘ouﬁg‘]“"ﬂ R PETE TR A
ROIRFELLA e 0 @ Z IV AW T2 MDC dié * Bpe T HEL ks PN
e i 0 25.8% 0 B T ICRkIERT 0 MDC kA g g 0 £ T TR
HHBE B RERSCHT AT A 2 BB EFRBHE N T AR A
bvoo AR B2 HA T o MDC ki Siif & TR M R R 2 3R 0T L VT s
UIFZ AT A 0 R RJER T R R E M B R 0 B

A
i
Fg I R R e n E SR

75

doi: 10.6342/NTU201603590



2000 1200
(@)
& 1000 (b) —O— CNT Sponge
g —A— Carbon Felt
= 1500 A
S 800
g £
> N
= 1000 A &, 600 -
[72]
5 3
o o ]
O S 400
dga 500 -
o —@— CNT Sponge 200 ~
o —a&— Carbon Felt
0 T T T T 0 T T T T T
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Current density (mA/m2) Current density (mA/m2)
500
- (c) - @® - CNT Sponge 800 ég)
. A .
g 400 o Carbon Felt - O - CNT Sponge
S . ‘o o O.. - A .- Carbon Felt
° _ 600 { ™A = Oy
e ; ® Q) A, .
= 300 - » ; > AL O
= e E N
- 04 ., D 400 - ©
Eaof Bt 5 |
O o ‘A % A o.
g A A ‘ S ’ " ‘0
s f % ® 0 Au O
- ' 2 Q
0 "‘ T T T -ﬁ_ b
AD
0 500 1000 1500 2000 U - - -
0 500 1000 1500 2000
Current density (mA/m?2) _ 5
Current density (mA/m#)

Fig. 4-17. MDC performance of CNT sponge and carbon felt: (a) and (b) Power density curves and polarization curves with salt concentration of
10 g/L, (c) and (d) Power density curves and polarization curves with salt concentration of 1g/L.
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Table 4-4. Comparison of BESs performance with different carbon electrodes.

Internal Resistance (Q)

Maximum Power

Current Density at

System Electrode Salt Concentration  Power Density  Polarization Density Max. Power Density OCV (mV)
Curve Curve (MW/m?) (MW/m?)
MFC Carbon Felt — 750 736.6 384.7 1278.1 552
MFC CNT sponge - 250 245.5 1288.2 4051.0 781
MDC Carbon Felt 10 g/L 100 113 1210.0 2750.0 786
MDC CNT sponge 10 g/L 50 51.6 1776.6 4712.5 1021
MDC Carbon Felt 1g/L 500 340.6 222.6 527.5 632
MDC CNT sponge 1g/L 250 252.8 398.0 997.5 721
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Table 4-5. Electrosorption capacity of electrosorption process of MDC-MCDI system with different electrode.

pH Conductivity Removal Electrosorption
Circuit MDC electrode (uS/cm) efficiency capacity
Initial  Final Initial Final (%) (mg/g-carbon)
In series Carbon Felt 574  6.45 605 344 43.14 6.45
In series CNT Sponge 6.35 7.21 607 96.4 84.14 12.62
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Fig. 4.18. The conductivity and voltage value of electrosorption processes with initial NaCl concentration of 5 mM.
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