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Abstract

In this paper, a novel composite catalyst of F-doped copper oxide supported activated carbon was
prepared, and a three-dimensional electrode electro-Fenton system was constructed. In order to
explore the optimal conditions for the degradation of o-nitrophenol (2-NP) by this three dimen-
sional electrode electro-Fenton system, this experiment compared the degradation of 2-NP by acti-
vated carbon (GAC), F-doped copper oxide supported activated carbon composite catalyst (F/CuOx-
GAC), and undoped copper oxide supported activated carbon composite catalyst (CuOx-GAC). Based
on the catalyst with the best degradation effect, the single-factor experiments were carried out on
the factors of reaction time, pH value, plate spacing, current density, electrode dosage, electrolyte
concentration, and aeration rate. The results showed that the optimal experimental conditions
were 2 g catalyst, pH = 4, electrode spacing of 3 cm, current density of 20 mA/cm?, electrolyte con-
centration of 30 mM, and aeration rate of 1.25 L/min. Under these conditions, the removal rate of
2-NP in the system was 98.12% after 3 h of reaction. In a certain range, the current density is pro-
portional to the removal rate of 2-NP, and the current efficiency and mass transfer efficiency reach
the highest point of balance when the amount of catalyst and electrode spacing are appropriate. In
addition, through the comparison of different systems, catalyst characterization, and radical
quenching, the degradation mechanism of 2-NP by the constructed three-dimensional electrode
electro-Fenton system was preliminarily proved, and its efficiency was further verified.
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BHER . BRibz ob, TEMERGE A A S F S il R B B BRI D RE 7] BRIth, TR 7 A ) %
YR HARZ BN AR RO . Meng 55 A\ [BiE IS FAME T 2145 Fe-Cu-C ks, JFIE7AE| =4
P S0 [ J  F B A A 52K 10 (p-NP),  ZEFEVALES B2 20 mA/em?2. pH VeI &A1~ , 1217 6 h )5 p-
NP F1 COD V¥4 2 B R 43 ilik 88%A1 76% LA I, Bhabh, =4 i 25 s B i B 115 ) SR B P A B2 e 2K
TRYFIRL AR . Ren [9]F] BN 45 2 Ut LE M ok 1l 4% tH Fe-N-BC R T HELMG, R4 = 4k L F ik R %
fiE K T ) Ni-EDTA,  7E LSRN 20 mA/em?,  FELR T FE 0.05 mol/L, ¥&¥WILE pH N 3.3, FifH
WENE R 2 g/L, H02 BN 10 mmol/L (12544 T, A 120 min J5, Ni(l1)F1 TOC (1) 2 B2 737l nl ik
94.1%F1 76.2%. Ik4t, NBIFEE T W0R AR T TG VEAT A, TR A R0 AR AU LB (1 Fi B s 17
WP HR . BRI FE4, B &R A sig s B O I SEILHT 4B I8 15, il 45 ik
ASIAEHAM IR FFE— BRI E AR MR REFELL T, AR TSR % F 524
A B RO B A AT, R =R R, MBI = G SRR R

ASCK BRI A B BB Jm e, B H F 3B 2ot i A S R A7), IR
PR AR S 78 B = 4 r ST s B g, TR AR 2-NP . SR 23 4k RS0 FEAF 7T FICUOK-GAC Btk
AT 1) = 44k o, 25 0 2R GEAE AN ] B DR R R Ao 2-NP AL BRSO . 5, X T AL AT 0]
fiEs Hk, @A OB E] . pH (B BRAREIEE . s . ARSI E . H AR R T SR R 2K [ 10]
[11], HEATBARRSZR, WS8R RO R 26 2-NP ORI, FFIRE AL N4 B,
ok E A ROK SRR PRI A R R AR AR

2. SEWERSY
2.1 A5

ZIKE TR (Cu(NO3)2-3H20) . AR (40%, HF). FilR(H.S04). EEALEN(NaOH). A Al 3 4 M (2-
NP). HiE2HI(NaSOq). FIRIIE A (GAC, 8-16 H, FHAKMELHL ). LEE(CoHsOH) R4 B % 7,
MARFIE IR A, B, seut A B i sk H 8 47Kk (18.2 MQ-cm)fid & .

2.2, EAFIBEE

e, HEATIETE R AL : Wi I AR AR AR VR 0.05 mol/L FIBRER (.35 ml i HkE 2 500 ml). &
AN (L g AN 22 500 mi)H IR i &% 30 min, FEBAUKYE RIS E P . FAE Dk
30 min, JE7E 110°C BT AT 12 h J5&H .

R, HEFFRI— € |0 KGR, SREIA—EZM K LB, FLHK 0.5 mol/L i) Cu(NOs),
F(30.195 g /KA AHIRET + 250 ml To/K L1E). BEJi4FE 10 min, PR PR 10 min, {EHFEH%
fifto SRJGHE £ 1) Cu(NOs)2 RSN 250 m1 FIHETEHEF, BN 80°C 7K IR # W #EAT fEIR /KB 4R
2 /MBS, AH11F Cu(NOs) I 5 LI R AE RN I THE, R H0N 40%0 HE B JC/K CBEEAT 7 B
(0.555 ml Z R + 100 ml JorK 1), B HMAHEEHE S, SE8HEiRKIBIRG [V 3h, B SR
M. IR, FoRS Cu e RMEER LN 1:10. SR 5 K 4ot T A 31 (103 1 2 I N 46 103
BB RBUREL AR 12 h, £ NE MR 24 ho FH0E DR TTR BT G 1 R RO 3R T8
FaHh 110CFJ 12 h, EEFIIH M ER

B, BT S R B L 3R i AT B A o BRI THRAR I IBTFE 300°C, FHEE R
#il7E 2°C/min, 7£ 300°CLREF 30 min. FiF+% 400°CIREF 4 h, FHEHZEIEHIFE 4°Clmin. TR EIRP IR G
BES FRDIRIAT 3 EHI & e N T A FERR R 22 57, SRR Cu(NOs)2 A1 HF 115
IRl GAC JkL; 7EAENIN HF BI15 R il % CuOx-GAC Fiiki .
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2.3. EWHE

SIS FH (1 = 4 F 2SR LA L B A P 1 o, OSBRI ARGE MR A C (20 mm x 20 mm x 2 mm),
B & /NS BAR — S50 Ti Fr, B Ia] B4 R 2 T AR A AR AR AL ) B 5 0 (AT I =N A [RIBERS . 2 em,
3cm. 4 cm), E =4k R N 2% R R — A AT R ED R 2 FLR B, B KT 24 3 g FICuOL-GAC il
WL, BT ORI A S &, RO B BH PR AR AE — N PR B IR b o AR SIS K 2-NP 11
WIGHHE N 40 mg/L, 2 lxt pH (. BARIEIFE . R iy AL FAR TR IR FEIX LA S 56
DR B AT B DR R S, Pl BRIR T R 34, At S S 2 A B B AE ORI B XTI P, 284610 7K 7745 B
) 3 h, AT IREERR 0.5 h BL—IFE, 2 JakE 1 h BC—2RE, I bR /KRE—3EH 7 OKEE.
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Figure 1. Diagram of three-dimensional electro-Fenton reactor

1. SHB R MEE
2.4, WMFGFEUR &
A F Ao 6 6 BE T HE (UV-9000S) 160 2-NP, ER IS AE di 2k, #fi5E 2-NP R MR I K 276
nm. iCREANEESOROE R, B B B R e (A X )R BIEERIKE C:
A=abC 1)
Ho ACAWOGEE, a AWERE, b ANHRE, CONFERIKREE.
2-NP £ EI (AKX 2)1H 5

2-NP removalrate(%) = (COC_ ¢) x100% )
0
Hort Co M1 Co 20 AR SR UG AN S B2 B[R] () B 2-NP I
i 33 H T B AR (SEM) R AE FICUOL-GAC Biki R H LS. AEiE{(EDS)MISE FICUOx-GAC Fiki
K C. Cus Oy FEILEMM AR ARFESLI A AT H B IR 1 FR.

Table 1. List of main experimental instruments
1 EELWMHF TR

75 DEEA RS TR
1 Hhgp MFLX151-17 S PR PR A A
2 HL Tt R P JJ224BC i ST AR AR
3 FERETH(pH 1) PHSJ-4F AR AR A TR A F
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3. BRI

3.1. fELFIMERERTEE

PR FUAS [RMEEAR TR = 4 BSR4 R AR 2-NP [RI5EMR, AR & 7 = MR FIAEL R, 2052 i
PER(GAC). F B A S BOE I IR G HEALFI(F/CuOK-GAC). AR4B7% F IR EL Y SR B MR
G HEALTI(CUO-GAC) . o, IE MR TE =4 ST IiiA R P AOGRIHIER, R ¥E TRF HEARIER .

HARSEIG 2R : 40 mg/L () 2-NP, pH =4, HARIEEE 4 cm, HEIRZEE 20 mA-cm2, ALFIFN
B39, MERAYHRMARIKE 30 MM, KNIE 180 min, #4674 %18 GAC. CuOx-GAC. F/CuOx-GAC.

B 2 TN, £ 180 min A, LA F/CuO-GAC A4 7144 5 1) =24 F B L 25 44 2508 2-NIP (1 25 i 3 i
1, A 81.25%. i CUO-GAC X2, N 68.91%. ZFRHFKHIA GAC, 1N 57.23%. HJ I, K4l ik
Y SERAETE MR LA R R 2-NP [ LR R L m T 11.68%, 10K F 45 2440 S0 57 38005 1 R (L7,
NAFAHR FR T 2-NP it — Dt T 12.34%.
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Figure 2. The effect of different catalysts on the degradation efficiency of 2-NP
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3.2. HEALTIRAE

FALLE R E 3 fin, i SEM X} FICUOx-GAC ki 1) % T FE 3R AT R AE KB, FICuO-GAC ki
FKIEMYA, HEETFZANOAGER, HERKEBE ARSI, tRmBAER, XEEFTI5
YeE R 2 T A B AR T VS B S ok TR AR A, AT I k5 G ) B A P
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Figure 3. SEM images of F/CuOx-GAC particles
[ 3. FICuOx-GAC ik SEM itk

BeAh, NI F OIS 2 Tk M b, X FICUO-GAC Fiki FLAR 4T EDS JL WLl /0 dT, 455
WK 4 ffizx, C. O F. Cu RS A E SR A . f3% 2 AT, Bk el b &8 F RED %
9 3.98%, JRT4rECN 3.06%, UEHA F C A5 J8 78 R B A 24 .

Sumspecmrm
Figure 4. (a) element mapping of F/CuOx-GAC particles; (b) element content diagram of F/CuOx-GAC particles
4. (a) FICUOx-GAC FHiIH) JL RERGT[E; (b) FICUO-GAC FIRIKI LR & BB
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Table 2. EDS analysis of element content table

F 2. EDS P ESER

Element Weight % Atomic %
C 65.77 80.01
(0] 14.60 13.33
F 3.98 3.06
Cu 15.65 3.60
Totals 100.00 100.00

3.3. RRERMLE

33.1. fELFIEmE

FICuOx-GAC fE AR F Ik, T LN HAGE S Bt S R e R FUR R4 0  K/NHg 22%F 2-NP
SV EIRERTE S AP

FARSIG U : 40 mg/L 19 2-NP, pH =4, HARIEIFE 4 cm, HEZEE 20 mA-cm2, RN %
R 30 mM, HEALTTISN FICUOK-GAC, M [A] 180 min, fEALAIFINE 7N 19+ 29 3 0o

M5 R A, BEAEAL IR W A, 180 min R 2-NP LR R ETHE I THE. 4N 1 g
FICuOx-GAC fEALFFIRT, 7E 180 min PIXT 40 mg/L 1) 2-NP HJ%:Br3N 94.79%. 4301 2 g F/CuOx-GAC
ML, 7E 180 min X} 40 mo/L 1) 2-NP 1 2 B30y 98.03%, 2R #F4E K | 3.24%. 4511 3 g F/CuOx-
GAC f#ALFINF, 7E 180 min PIXT 40 mg/L ) 2-NP ({1 LBRFA 91.78%, X154 LBrF i R T
6.25%. M3 2 g FICuOx-GAC LTI, Xt 2-NP MIBEMRRCR IR K. XN, - EuEN, B2
(1] FICUOx-GAC EMAE A T8 2 MG s [12], FA FRAR R TR 20 T 189 o, 3 T A6 77 A D 1 A o a2
%, IR T XSGR AR . E R T E AR AR S i — e VS R, S N 2R A SO A R T FLRR
Bz T, R e Ak St m . R, LT 5 RLT 2 (AT R 4 i F AR AR T
15 I R RR[13] . T RUSR[14] 55 75 = 4 B SR A e DU VR XUy A (TBBPA)IRE I 7T, TP 4%
TR KN TBBPA HIRRARACR, HINELE 0~6 o/L I BB TR RIKFEERIG 2, MR BBl K
JEIRNESS, 5 AR PR S 45 AR

100
e
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=
>
£
g 60+
t =
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Figure 5. The effect of catalyst dosage on the degradation efficiency of 2-NP
5. TR E ST 2-NP PR M
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3.3.2. HiR(E)EE

FEL iR 25 T A 30 1140 3 SR R B L ) FELANE 22 2 El AR ] P R R [15], 480/ 11 BN I B2 T DA sl o e
BUE TR AR PR RS, SRR AR, (F FRR A BE (98 S BRI B F T s 398 K FRURR ) e 2= 384 i LA
SR SEA ], AEE A ) PR [ B 2 5 B5ORORE ¥ KB FL IR BEAIG,  XoHIR AN B R A A% S R s B 2380, &
FUR BRI, BEFEII R, ff H AL G TR SR AENT ERIT A S RIS F, SIS AT 1 A

HARSZIG 20 R 40 mg/L (9 2-NP, pH =4, HREE 20 mA-cm2, BREREN HL IR R 30 mM,
TEATFIN FICUO-GAC, Vi [E] 180 min, AL I#IME R 29, WARIFEES 718 2cm. 3em. 4cm.

B 6 T, B FARIAIFESE K, 180 min ST [R] 4 B F/CUOL-GAC AL FRIAE £ (1) — 4k 2SR 4t
XF 40 mg/L 2-NP [ LR KGN FARIEEELE 2 cmy 3 cm. 4 cm B, Xt 2-NP [ L BRZE 551N
96.50%. 98.03%. 92.75%. HLA%AIFE 2cm £ 3cm, EFRRFRWINT 1.53%, i 3cm £ 4cm, ERRFREK
T 5.28%. b, EUKIMEEDY 3 om B, =4EHZFIRGUN 2-NP (R . R fERIEH R
FAFFRIEOL T, Z4ERZFk R 13750 5 R FE RS L, BB RIBE /DS, RS LG N, V5 g
VI AL o BE B AR A, AR /N ARRIEE,  BR T o ER T AR HERR L AS RS, 382 FICUO-GAC Vi &5
FIAR P, 9D AL FICUOK-GAC 3L H , MM RN 2-NP [ FFAR2R

100
e
< 80-
=
>
e
E 60
E=
2
5 40 4
=
=
e
£
Z. 20 —#—2cm
« —8—3cm
04 —A— 4 cm
T T T T

T T T
0 30 60 90 120 150 180 210

Time (min)

Figure 6. The effect of electrode spacing on the degradation efficiency of 2-NP
& 6. EBIRIEEEXT 2-NP PR RAIE N

HIBERT L, FERR IEIEEDY 3 om I, ANLRENR /D [N BERE, 1T HIE RENER S SRR, A Ll i 2 F
52 [16]1E S =4 fi Al e Fenton YR ACER AR SUALRL R A RER I TT 45 HHARRE A9 TR ] 20 A2 R i 2% 16 7
A BRI EZ N R 2 —, AR A B G N R T R BT, S ARSI A5 R AR

333 HREBE

FEL I 5 RS A 1 PR K AR BRI G 28, T DAMVIRAS Esgmifh b eOH /=& [17]. HLILE L
IEF,  FH T AR 2 B 1 B ZE AN SR T SR T AN RR PRI 8%, 1 B Ho02 AR R . U2
A CAE S 4> HoO2 KAE /TR, BT RSB H0 B SR B A & N2 ilE— 0520 «OH AR
&=[18].

ARG R : 40 mg/L 19 2-NP, pH =4, BREREIHM KA 30 mM, 465y FICUOL-GAC,
S JSEI}TE] 180 min, fEALFIFINEAN 2 g, BAREIEE A 3 om, B2 FE 2 598852 4 10 mA-cm 2, 20 mA-cm 2,
30 mA-cm 2,
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Figure 7. The effect of current density on the removal rate of 2-NP

7. EREERT 2-NP KRR

HE 7 775, AR Z&d 2-NP 22 F: 30 mA-cm2 > 20 mA-cm2 > 10 mA-cm 2. [ HL i 25 i 1
K, 180 min N H F/CuOx-GAC At IR E I =4k FEL SR R 40555 40 mo/L 2-NP (1) 22 BRZ BB L. A
WSEEG R, HLRZEE 10 mA-cm™2, 20 mA-cm 2 A1 30 mA-cm 2 ] 5B 4) )/ 87.48%. 98.03%F1 100%.
£ 20 mA-cm 2 5 30 mA-cm 2 [ B A BEXTEE R AT RUR I, £E 30 min 2] 120 min iX B ] L, 20 mA-cm™
THIEFRFREL 30 mA-em 2 W iy, R T WIS RN, MR 3G, AR RO RN
WG, I TR A R T T A R, IR NS — e R, e FECE R N1 A DL
KEeFEE R, FEMTE . P @RS AR A, A AR T = A o A, IR AR 1, BHAS < OH
A1 Ho0p ZE35 MEYI R B2 i, B LAZESX BT Y, 30 mA-cm 2 (922 B R BLAK T 20 mA-em 2, {H 2 B8 & A
TR H LR R W R, FrLLE 120 min J5, 30 mA-cm 2 i) 22T 15 T 20 mA-cm2, 24 F 100%.

ASERSSE RN, BN 20 mA-em 2B, ZBRACER, REFERK. B S R IR Y 30 mA-cm 2
I, BEREIEILENGY, (EPEMRA IR AT 5%, Kb, H 20 mA-om 2 Al i S

100
e
&\, 80
=
>
g
5 604
=
—
=]
g 40
=
=]
°©
=]
o
Zu 20 —=—pH=4
Q] —@— pH=7
0- —A— pH=10
T T T

T T T
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Figure 8. The effect of initial pH on the removal rate
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3.3.4. 1% pH

TE = HEHSFIAR R, pH BT H0p A B B BRI 3K . pH RET, B B RANTEUR S, I
BT HoO, F*OH WAl . 24 pH B m i AIHIER - «OH 1I7=4E, [Fl H02 71 pH %4 N &S 7
fif i O2 F1 H20 [19]

BAARSLEG AR 40 mo/L ¥ 2-NP, BRERHN HL AR BTR EE 30 mM,  fiEALFFIN FICUOx-GAC, M
/6] 180 min, MEALFFINEN 2 g, WAAIEEA 3 cm, HEIRZE N 20 mA-cm2, ¥4 pH 70 51%E N 4.
7. 10.

f /8 T4, SN 180 min JE 4G pH N 4. 7 A1 10 [R4R &, 2-NP )5 ER37 552 98.03%. 92.94%
1 89.27%, HAWIME pH = 4 B & LR HE, N 98.03%. TR NAE pH A 3~4 BHEITRUR BT
[20], TERPERBEMESAT R, B pH =7 F1 10 I, 2R35F00 R N AR 55 .

RSEIGEE RN, G pH = 4 B, EBRESCRA L ERRES R E, BTLL pH = 4 NSV pH.

3.3.5. HERRE

FEL AR S AR 388 I BT 38 e e R e AR B R, T RS IS S S B BE AR 0K F AR ]
PR [21]; AHE SR A i 2 0F, SICRTEMIEAMR . ok ik R, PERHBTEL, i
RUR A (RS, R B2 R B

BARSCIG AR : 40 mg/L (¥ 2-NP, pH =4, 467108 FICUO-GAC, = Riff[a] 180 min, {44
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Figure 9. Effect of electrolyte concentration on removal rate
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