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Abstract

The purpose of this study is to degradation of Rhodamine B (RhB, dye) and N, N-Dimethyl-4-nitrosoaniline (RNO,
indicator of the electro-generation of OH radical) in solution using boron doped diamond (BDD) electrode. The effects of
applied current (0.2~1.0 A), electrolyte type (NaCl, KCI, and Na,SO,) and electrolyte concentration (0.5~3.0 g/L), solution
pH (3~11) and air flow rate (0~4 L/min) were evaluated. Experimental results showed that RhB and RNO removal
tendencies appeared with the almost similar thing, except of current. Optimum current for RhB degradation was 0.6 A,
however, RNO degradations was increased with increase of applied current. The RhB and RNO degradation of Cl type
electrolyte were higher than that of the sulfate type. The RhB and RNO degradation were increased with increase of NaCl
concentration and optimum NaCl dosage was 2.5 g/L. The RhB and RNO concentrations were not influenced by pH under
pH 7. Optimum air flow rate for the oxidants generation and RhB and RNO degradation were 2 L/min. Initial removal rate of
electrolysis process was expressed Langmuir - Hinshelwood equation, which is used to express the initial removal rate of

UV/TiO: process.
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1= 5 Ao ZHE oo Aol SigholA o
S SUAIAL o] gukasle] 7w dht
(Park™} Kim, 2009).

s17] 913k thekst B4, ek 9 A&
o] A=A el A&k
A2 o 2= sHA A 2jsk=d] 2HAZE Qdek 22
of= 03, H,0,/0;, H,0»/UV, Fenton Y23} Fenton
FARES-=0]-8-3 Fenton 57, TiO/UV e} 21 7]5}8}
A 2] 3gE v 154k} -5 (AOPs, advanced
oxidation processes) 50| W24 2 2= 9I5}]
Wo| A1E QtiKimi} Park, 2008a; Villanueva-
Rodriguez 5, 2009). 1G4 24 = A 7|skslA]
Ae)de 2A Sad AT ol8sto] Hsfjahg
% oA A= o] BallE FholE0] sl
ol AHE T ARl o LHEES

A7 = Ao 380 584 Aol oz A

7148 2o ' U 4= QtKKim3} Park, 2009a;
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Yoon, 2003).

844 WSS o83t A7|sketA AP aes
A5 28 24T o7 7HA] At ofsf e
Lok A3 MBS ol $istel ATAEel
ofe] 71 A= 28& HAESI: 22yt

[¢)

=
A EHEA A=), 54 ol
O WZE(PbOy), E-> A= 7(Sn0y), = Ak}
(Ir0y) & Fa7t ZAIF o] LeE = ]le). Wh 2|Lof 7
Wy 4 =3 tholol = A=HBDD, boron doped
diamond electrode)2 =84 A2 Hj4=&A A
s A = Qb do] oF ol S=pstaL, 4=
27FZ=FoA, A7t ol A A= 7] el o
A 72] BE wkgo] i3] 19| H(potential window)
of W9} e Bo] 9] S8 WPl ol 45l
A 71270 A Aag AFOR 7S W) A)
215t F=o|th(Scialdone &, 2009). $=FollA L H&E
o) AAo] e BDD 2Te] 48 7Fso] 2 AL
2 BAE = 2.8 V) TS0z Alsleo] =0 A ow
%l - OH A/ wjiZolth. BDD =2 A= 43t
off 1ot A (1)} Z-& A2 Q1 waff wiAUF 24
9 =2 AR B8-S 7ML A A7 ESE Sst
Ao oF
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A QTHKim¥} Park, 2009b; Kraft %, 2003).
H.O— -OH+e +H'

. OHE A4S 2
71 Es)A] - OHZ} Aei <)
Z N, N-Dimethyl-4-nitrosoaniline (RNO)2] &
Tof| oJ5) FHldt 4= QITHLI 5, 2009). E =
BDD A= 0]8-3}o] &= 2]l Rhodamine B (RhB)2]
2512} RNO®] Bl Qa2 ]2 elxjo] chstof
1ol BDD H0] 4871542 B71ak

E22 ofol2A] &7 2] Rhodamine B
(RhB)E AM8-5F3ATh RhBeF RNO 3ol ARg-2h vk
o7l A0 ' AEstelom =230 x 10 mm
=7]2] BDD A4S AR S22 35 x 35 mm
=719 oA P A A SISl 15 ko) A2
L3 mm o]glon], ukS7]e] Bt 1 Lo|gicFig.
1). 25 AT27] (Hyunsung E&E, 50 V 20 A)=
olgste] Aol UL TStk ABe] AHgar
%7] RhB2} RNO 5=+ 717 30 mg/LL} 50 mg/Lo|
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Fig. 1. Schematic diagram of electrochemical reactor system.
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22 2M U &5

RhBQ} RNO 5%+ UV-VIS spectrophotometer
(Genesis 5, Spectronic)& AME5Fo] RhBY| Hof| &<~
21 554 nm 2} 440 nmE £t FFAAS AR
sto] s== YERARITE
%t

3. 2t A 1H

n

3.1. RhB2} RNO 2sl0ll 0|Xl= HR7e| H&

Fig. 2(a)o]] A3j& = NaCl 1.0 gLE 715 =4
oAl MFE 02~1 A= HSIA7|HA A|7He] Z o]
-2 RhB 5= H3HE e le). H57710.2 AoflA
0.6 AZ Z71o| whel RhB7} w27 Zhastgl ot
0.6 Ao/e] 7ol A= RhB A A7} ZA| 2to] YA
= Ao E Yeh Adeh 2404 2 HF=0.6
AR ALREQICE AR e AR 204 vk
719] RhB AALGE7) w2 A o= Uehgth 0.6 A
o)/Fo] HFolA= 104 ol th2e] RhB7} A
e AoE YEgton, 107 o]FoAs AlASE
7} A= Ao R YERGTE Koporal 5(2009)%=
BDDZE 0]&3lazo ¢ &2I C. I. Basic Red 292] A
oA 2 AR} e R ARelE $AF
3 4TS AT olof L ATRE T Aol A
2 ol g3t APolAE HuE|gle] 34 AskE A
Sto|u} wlg4; AFSHE 159) BDD A=} 2] A
o] ZRol TAglo] 24 AR} Uehs Ao A}
=T E 2007).

Fig. 2 (b)e]l A5 ¥3}of| -2 RNO 5= 3=
ER AT 0.6 A7EA]= 50-59] WhE-AIH52F RNO7F
7o) A A0z gashs 4o Uehigla, 0.8 A
R 20 fasks 4TS eh)ole Fig. 2
(2)2] AJ7Fo]l TF2 RhB %3} Fig. 1(b)2] RNO %3
£ v e ko] Yehkth Fig. 2 (a)ollA
ol /=2 %1 RhB= At 7o) A = A ve)
WA ¢7] wiell weli<s=7F RNO KL W=, 0.6
Ao)Fe] HFol| A= Hhlcto] whE A shy] s e g
7 371l W2 BRI Eefides & AlolE HolA|
LA S AES AA FHF AEERY Folle
AlZbo] B 28 F B = Fig. 2 (a)9f =2 w3l 3ol
WA= 7 0 2 AR @Itk (Park, 2008). ~12]L} RNO

3 A2 Ealo] w A Lol
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+ RhBoj H[gto] Eafi7} Ao m ofelg 40|
B 2(Li 5, 2009), A5 F7Fol| T} RNO #afl<5=
7F AR Ao g F7FSIAL 0.8 Aol o] HFollA 15&
= A= HhEx27]9} 3719 Wk} ofE 2}o]
U= 2102 YE RhB &3 ekt - OH A3/ 7
& UEhl= RNO &3l A3Fe the 2 o2 Uehst
t}. Fig. 2(2)¢} (b) & Sl H W3- 7)o 4H
OjFE2] - OH-> RhB o] EAof| 4 E|X|qt 71 o] %
el Ao Aol Hm S ES] HE 2
sfjol] o]-§FThaL AR EQITE TR 2 AR 2o A]
= RhB AAT efshd 24 AF7F JepdA gk
RNO #3l& o] 12fg ¢ A7as&yt BA =
24 AR} LA Slokot), RhBS] 2% 57]a}
9} ¥ CODY TOC A7 8} 7ho] 312l 0 & whek
Slojof & Ao &2 ALz &¢It Comninellis®} Nerini,
1995).
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Fig. 2. Effects of current on the RhB (a) and RNO
degradation (b) (NaCl conc., 1 g/L; air flow rate, 1
L/min; pH 7.2).
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3.2. RhB2H RNO Ealol Dlxls Hell B50l 2

CHEE RS R EE R e R )
Ao} A71Es) Whge) A BE AR
JEL 1A Qxfolck B3] Gak 0] 2.9 EAY AL
o} oA B PaT BHAIEY B Pam

u--=

[e]]

Ql3ko] AAsEo] F7hETk Pk ol W0} 2}
A% ol £5] A5 whize] Guulset 2L
ol = 24 Qo] AJA-E BeAxolela 3 4= 9]

tHMartinez-HuitleX} Ferro, 2006).

a7 A= KClzt NaCl, S04 A=
Na,S0,E A el5}o] NaCl 1 g/L H7HA] A7) AxEel
2.14 mSE 71222 KCI(1 g/L), Na,SO4(1.37 g/L) S
A7hsto] 22 A7) oA Hs| A £771 RhBek
RNO #3fjo] v]x]= g3k 3at9ich

Fig. 394 X50] RhB2} RNO 3] 2% NaCl >
KCI > Na;S049] =4 2 UEIT]. RhB E3fjollA ¢
24| AalE 2l NaClak KC12] 79 27] vhg-&5w9f
B3l G 2T 302-20] HESAIZ ol A] HjEe
RhB7} 84 E= Ao &2 Yeldth Coasta 5(2009)
© BDD AL 0|43} Acid Black 2102 A 7|3}sh
2 2ol NaCle] &= &4 H4F(Cl, HCIO
4 CIO)S HAYAZ| 1L o] & S daFE°] 4713t
TES ASIA7| A5 92 571 817HA] o] 27 SHA]=
ettty Rasioich o 7HY Akeg HE<l
Rug;Tio702/Ti =1} NaClOs, NaOH, NaCl, H,SO,
2 NaNO: 2 A A2 08310 52F<] atrazine 4| 7]
o 4] NaClo] 7} 322 TOC A ALS Achal Bl
gt Malpass -5(2006) 2] ZAute} A=9] FF= thE2A]
T 22 A3s A9tk RNO #32] 79 NaClzt
KCIE AMg319E 7399 RNO =3l 2o} Na,SOs 5
ARIRS 7399 Hal7E 2 AR YEhith
Michaud £(2003)-2 BDD AL 0]4-3t 17| &30
A A A= HCI0s 2} HoS0s S AM8-5191S o] HoSOs
£ OH =izt whgsto] Fa Aksl AYPEQ]
H>S,052 YA A 7]+= Hhd, HCIO49)1 4 OH 2] Zro]
Hhgate] =8 ARBMIAGER 05 1A AGAI7| L 2
A} AYAER Hy0,2F 0:5 AYAAIZIckaL B arskeick
Scialdone 5(2008)-& BDD =L 0]-83F LA} 7|
Aol A LA AlA e Aol F3S vrom
HCI042] A|A450] HaSOs T} =qttkal B a1ske)

oY
offt
2

of
B

A 8§ % NaCle] RhB Eafgo| tf
A A AKCL, HCl R T} 22 0]-91= Ho]
= A =7t ohE PG| ARk

o2
B

i
oZ,
ol

=3

e

A

o} 7] Wioleka B 3t €H2009)9) Bl
2 1) 47 A15kg 21291 BDD o} 71 Alske
AT T4 ABHE A5 A1) Rl wAgle]
A3 o] W2 RB 3] S GARE 202 Vet
whek. 1efut 8ol RNO 2ol ]2 ojap] o
3 TARS WAIRE AFHA 7L OH 2k 28 7k A1
A, oh] ¥ OH 2|z 4] 282 FoEAS
a5 slor E A0 wekegick

N (a) —@— NaCl
5 % g O Kal
> 25 . \‘\ —w—- Na,SO,
£ [\o T
c 20 o A N
o e
= O s 4
s 15 Q
S o
o
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Fig. 3. Effects of electrolyte type on the RhB (a) and RNO
degradation (b) (current, 0.6 A; air flow rate, 1
L/min; pH 7.2).

3.3. RhB2} RNO £350f O|X|= NaCl sE£2| g&F

A AFEZ 0.6 AZ AT 5 3.2 404 AT
3|20l NaCle] 9L 0.5~3 g/LZ #3tA]# NaCl
= H3lo|| wh2 RhBL} RNO 5= #3}E Fig. 40
UEFH ¢iek NaCl 5%7} 57FsFa A RhB -5 %=7} 7+
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AEQck 0.5 g/LofA 1 g/Le] NaCl 5= H3HA|
RhB F&= #3771 & Zlo= Yyl 1 g/L§
B 2.5 g/L7}A| NaCl %= F7fol| we} 52 fhaol
A8 7Ha5t0] 3 glLol A RhB 355 7ha7} o]
U] etk

RNO®] 7-9-0.5 g/LoflA 1.5 g/L7HA] 5712 wj7}
A RNO Eafi&=7} whzA| S7Fsk3l e, 2.5 g/L7k
2] RNO B3)7} 2715|910, 3 /Lol A= 2.5 g/Lo}
RNO “5&=7} H]5=5}0] 2|4 RNO 2385 913t NaCl
22.5 g/LE e RhB 23f] 73k -2 Z3kS 1
gtk Ea4Esl B RhBET BajsEr}
2 RNOZ 7]202 24 NaCl £¢J0l 2.5 gL =
F S Ao 7o ® AAsaiek 3.2. 487 3.3. H 9
Aol A Hzo] Al FRENt oy} Hsfjd &
L= RNO #3flo] daFe = Aoz AlmE ]tk
Murugananthan 5(2008)-2 BDDZ bisphenol A *]
A NaCl 37F= 4 Hax50) A wzoll vhH3- =
719] bisphenol A 9] ZJ2]-g&o] W=Xx]9t ¢} 7] 5
ZHAFE(chlorinated organic intermediates)©] 22} AJ A
&|7] wj2ol] S7ro] ¢ WS Xkl Bl
3}t Scialdone 5(2008)-2 5% 2] NaCl =A==
v 5 XA skrhal B 118k th Montanaro
9} Petrucci(2009)= NaCl =5 2 g/L7A| E¢35t
Z A4 BDD =2 = Remazol Brilliant Blue #
2 A] NaCl 71 F7te] wet M=eF TOC A|A&
LLIE S7FHANE 1 g/Lo)/de] NaCl F{lgolA 57t
&2 w3 Hglom, HF WSEEE oA sk A
a7 S ESY] S w7] 98l 2 gL Hx=9
NaCl E¢J2fo] 8atcla 1 1s}sch

AF7H0.6 AR LA 27olA NaCl F{i=ko
-2 AHIE Table 1o YERHRIEE NaClo] 0.5
o/LoflA] OF2.0 g/L7Hx] M Z 0.2 7F4519 0t 2.0
gLoIFolA] 1] 7hasts 7haal AT trehilo]
BDD A=k 4 Ak8E =3 Zo] NaCl 7o
w2 sl 22 Zers ey,

Table 1. Effect of electrolyte concentration on the consumed
wattage

NaCl dosage (g/L) 05 10 1.5 20 25 3.0

Electric power (W) 14.52 9.24 6.90 5.64 522 4.92

I F& 2sfoll vAl= 2] FF 1147

27 ¥H2007)2 F< AFSHE A=-2l Ru-Sn-Ti/Ti
A= ARE5He] 29 mg/L 2] RhBE *]2]3 23} RhB
FEAas w499 4 NaCl FEe= 0.25
g/LOATE AEers o] a2 -9 2|4 NaCl 3
7}k 0.5 g/Loletal X 113keir}. T3 Ru-Sn-Sb/Ti
AE AME-510d 63 mg/L 2] RhB *]2]A] RhB A7 &
133t NaCl H&i= 1.75 g/Lets Bush 73 bt
(2009)9] B8 & uwf 5 ASHE A=o]u BDD A
=oll TAIgle] A 2ol 2ol i 549 FF
o)) whe} 22 NaCl s o2 22 S = W94
T -Estojof SHAY/dEo] A EA] eromA e
Ao, BREEE 371 G 4 e AR AR
At 2 Ao 24 BlflollA = 7154 Haljet A
ol thgt 214 NaCl 527} th& 2 o2 Uepyton,
22 NaCl %27} 2.0-2.5 g/L H72Q] A0 & AL E
Ak

30

(a) —@— 05g/L

25 O+ 1glL

—w— 159/
—A— 29
—— 259/
—O 3gL

20-.\'*(\

15

10

RhB concentration (mg/L)

0 L
500
40 AR
30 +

20 +

10

RNO concentration (mg/L)

Time (min)

Fig. 4. Effects of NaCl concentration on the RhB (a) and
RNO degradation (b) (current, 0.6 A; air flow rate,
1 L/min; pH 7.2).
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3.4, RhB2} RNO ZsH{0l| 0|xl:= pHO| F&

AEE0.6 A, NaCl FUFHFS2.5 g/L2 1143 5
pHE 3~11= ®¥3FA[7]H A RhB2} RNO #3fjo] =]
A= pHE F3Z Fig. 5ol Uebiek pH 24 A
RhB -89 9] pH= 7.20]%{t} Fig. 5 (a)ollA] o]
pH7} 2842 RhB 2814127} o}tk pH 7015}
o A= wE Bl R Qe RhB #al2] Zfol7} 1t
A grokont @714 AeloR A4 RhB Hel4E
7F =& pH 119] 79 3029] WRSAIZE Sof=
RhB7} 98 325 h& 202 ekt RNO £
o] 2912 pH7} 2245 RNO 437} 571she
Ao 2 e, RhB 32k Zro] 7148 G ollA]
RNO Hai7} 27 48 0.2 Ui,

Scialdone 5(2009)& 1r0,-Ta,0s 2} ZH8 <45 A+
= Aol A e 202 AT 270l A pH 29
SAAE A AE-2 99%0 1 A|9E pH 129 41=39%°] 1,
BDD %1=9] 749~ pH 29} 1204 SAAF A A& 2

RhB concentration (mg/L)

RNO concentration (mg/L)

0 5 10 15 20 25 30
Time (min)

Fig. 5. Effects of pH on the RhB (a) and RNO degradation
(b) (current, 0.6 A; NaCl concentration, 2.5 g/L; air
supply, 1 L/min).

7t 90%%} 73% el Hargh Autel fARgE Aakg o
21t} Enache $5(2009)-2 BDD Z1= Ho| A4 pH <9
oA= Eol EslEHA OH =te|Z, XA, A7}
HHAYsto] OH gfe]zho] 7= o] Alstof| o8- A]qt
pH > 90l A= OH 2fr]zre] Al4o] FHasheka xis)
9t} Ma®} Graham(2000)2 pH7} 27182 OH 2}
ko] Z1ASH=1)] o]= carbonate2} bicarbonate 2} 7+
© OH ejzk AAMIAF A= dholet & =
Takgic) E3F 703} HH2009)2 Ru-Sn-Sb A o
231 RhB A A o|A4] pHol| W2 Free Cl, ClO,, H,0,
W 05 444 Ao Free CIok 05 4142 pHE| 3
= 7 9] BEZ] oFA]9t ClO, 2} H20,9] 75 pH 341 €]
35 =7pH 11 Hef Eohal B sl & A2
o} e APAIER) AE FHstel ekl o) o
714 @dele] pHiz OH jrjz Agunt offe} o2
ARSHA| O A A A F7lEE Y Bl s 7
AA7)E Flo 2 AR E g,

3.5. RhB2t RNO 23lol| 0|xl= 37| R&9 I8

A5 0.6 A, NaCl £ 2.5 g/LE 145k &
7] & 0~4 L/min © & WS 7|HA| F719] 35
Fo] RhB2} RNO Zdfjof n|2|= Joks arzksto]
Fig. 6] YR ULt Fig. 6 (a)2] RhB 238} 2] 73-9- &
717} e A 9 AT 7] f5ge] 1 L/mine
2 2715w 27] RhB 2ej4w7t 27 27159
o BEEAIZE 302 9] FF Tk HaEE Al
2 UePdtE 2 L/ming 1 L/minXE.t} RhB A A -&9]
7R T A b= A YEgie™ 3 Limino
22 L/mini} A 9] 2= Zk-5 Ueh $irh Fig. 6 (b))
RNO #sfjol| A %= ARt 7 7Fo] Ukttt RhB A7
9} RNO #3fjo]] thgt 24 37| F-5-2 2 L/min &=
eI ©]= Ru-Sn-Sb A= ©]-8-3F RhB A| A ]
A 2A F7] F2 2 Lminol2tal ©agh 7t vh
(2009)0] Hi1e} GARE AWE Adck ¥ €t
(2009)& =<5 Al A=2) A9 37 7 571l
wa} Free Cl, ClO,, Hy0,, O3 %7} 2713440t 3
L/min o)/g9] 7] ol A= Ha0z, 05 =7} A
3T B a15)eith Kapalka 5(2008)-2 £} Al
o] Aka7t 8- Aejell A BDD =] 352 o
OH ztt|Zo] S FXIsto] opM|EALS] EoiE 5



BDD Z=-& 0|83 OH 2t 2 A3 A= &afoll vlAle Ao 93 1149

ZMA1ZIEaL s}k, = A3} o] BDD A=te] 44
[e]
P

U2 AR Aol Ao & & /IR 57 7+
°] Z7H=OH a}w AL Z714)7)31 0] 0] RhB
Bl 2247 A0 Uepgt,
30
(a) —@— 0 L/min
- O~ 1LUmin
=) 25 —w— 2L/min
£ —A— 3 L/min
- —&— 4 L/min
c 20t
Rel
g 15
=
8 \
s 10}
o
2 st
o €
0 L
50
— (b)
-
=)
£ 40
c
'-lg 30 .
£ \
5 K
Q 20+ g
5 N
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Q 1ot
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0 ‘ ‘ ‘ : s
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Fig. 6. Effects of air flow rate on the RhB (a) and RNO
degradation (b) (current, 0.6 A; NaCl concentration,

2.5 g/L; pH 7.2).

3.6. RhB 23}l Ojx|= RhB 27| so| Ik
27| RhB %7} RhB E3jjo]| v|z|= gk 112k
517 945}01 A= 0.6 A, NaCl =J5F 2.5 g/L, 27
L2k 2 L/minl & §-XA|3t 17401]/\1 RhB =&
10~90 mg/L7}A] Z71XA A& tkFig. 7). 7]
RhB 57} =848 27| WS W2 Ao R
UERE o™, 3022 HE-g-Al 7ol A 2% RhB 5=} 1
mg/L ©]3}Q] 27| RhB 5=+ 50 mg/LZ YERTE
60 mg/Lol o] Rhol A= Xﬂﬂ off Alzko] o 227
Aoz Uehgdth 2433t nE L= W oo A RhB
iﬂm:%FSHOhw4ME7V]LOﬂE, IS
S27F A= @S Bt o= RhB&= Wtk

gk sh)elof = AhS LkehA] QEAIRE Shekt oty
5 F3F HaitEo] Haulo] HE Ak sk
ARbe] © A7) whRolekal Ak E YekKim}
Park, 2008b).

\ —@— 10 mg/L
80 re O 20 mglL
\ —w—- 30 mg/L

\ —O— 40 mg/L
L 3 —l— 50 mg/L
—0O-- 60 mg/L
\ * —@—- 90 mgiL

RhB concentration (mg/L)

Time (min)

Fi

=

g. 7. Effects of initial RhB concentration on the RhB
degradation (current, 0.6 A; NaCl conc., 2.5 g/L; air
flow rate, 2 L/min; pH 7.2).

Hinshelwood(L-H) IZ&o] o] A]—%—%W\i} =
2002).

_dC _ _kKC 1
at - 1+ KC M

7|4, C: RhBA =

r T RKC, Tk @

o9} 1/Coo] tigt e =E 12) 3 Az} 7187]0
M Ko} K2 3], 2 Aol Ao} o] 77]Ha) uh
ol Fig. 70 LFERF e} ZHo] RhB 27] o
wE B o] Burol} w4 B o) g3t
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RhB &3 §h-g-2} AT 43RS Kol A7]&s) vh3-
of| 2-§-5k] Fig. 8f] e {tk. BDD o]-g3t
RhB 9] 17|83} W3- Langmuir - Hinshelwood(L-H)
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Fig. 8. Reciprocal initial degradation rate vs. reciprocal
initial RhB concentration of the electrolysis of
RhB.
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Table 2. Initial removal rate with oxidation processes(RhB)
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