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Abstract

With the rapid development of the pharmaceutical industry and living standards, more and more
people have begun to use antibiotics, which has brought serious harm to our water environment
and physical health. It is urgent to deal with the pollution caused by antibiotics organic pollutants
in time and make it recyclable. In this paper, metal Pd-modified Pd-PANI/ITO composite elec-
trodes were prepared by galvanostatic electrodeposition. The morphology, crystal structure and
functional group composition of the electrodes were characterized by SEM, XRD, FTIR and XPS. Pd
and PANI were successfully loaded onto ITO. Using the degradation rate of tetracycline wastewa-
ter as an index, the optimal parameters for the preparation of Pd-PANI/ITO composite electrodes
were screened out: the optimal deposition current of PANI was 2 mA, and the optimal deposition
time was 10 min. The optimum deposition current for Pd was 2 mA and the deposition time was 10
min. The composite electrode was applied to the electrocatalytic degradation of wastewater con-
taining typical antibiotics, namely tetracycline. During the degradation process, the degradation of
tetracycline wastewater at different time periods was investigated. The electrocatalytic activity of
Pd-PANI/ITO electrode and the degradation performance of tetracycline wastewater under different
degradation current conditions were studied, and the results showed that the electrodegradation of
tetracycline wastewater by Pd-PANI/ITO composite electrode followed a pseudo-first-order reac-
tion.
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Figure 1. Structure diagram of Pd-PANI/ITO composite electrode
& 1. Pd-PANIITO & & HIREEHIE

2. EIRSMAZILRA B

X TPAERFEIIG RIS, EANINHBIHEAR EZA AL YB3 D
ik

AP A B B R K E LR VR M5 YR, SRR A S Ve A B IR AR SR SR K R AR
FIIRRARFIRI A o 220K % N[5 1R FTE VTS Ve VAR K R K RO [ 261 FARER T 11 R 2, 4558
R, Hop—Fh p- LR AN 2 FEETERE EBUAE R AP . Chau Minh Vinh 25[16] Wi 02K 97 H )
AR E P AR A R TR R AR R. LEREFER)MFRERPBEE.

WBRLE RSB A 3R R K 32 B I B R AN i, BRIGEFFSE[1712R FRUSE 7 VR b BT AR R IR K,
ZEREKH, KK COD M 2539 mg/L [ % 50 mg/L LA R, HLS 3R 1500 ps/cm FF#E] 50 ps/cm LLR,
MU 1287 NTU RFEE] 0.2 NTU BAF, HUG 17 S ERIRCR . SkETSE[ 1818 FH R SR M RH (i an K1l i)
R S A AR () 21 ¢ R0 BB A AR PR R, DA 25 BRI /K R IR B e e R 2R 3R . R LRI I, Tilffie
FPUAE N TR B IR R, R ERTIA 1.6 mg/g, FAER P pH h 4~6.

e EEEALBR T PR K 2 2H Fenton AfbiEL. SAIEEOBibid. MRk 55191 Fenton 44615 [
SRR I — e i AR R, 4SRRI RN 2N pH = 4, Fe*'5 H,0, BE/R L 1:25. 2 /)
I, 87.4%H 0] H AU Ms e B4 A fiA . 2= 72 AR AR (20100 78 1 3 FH G4 VR FE B 3 i B- I B (5 B 2K, BT 5
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PEAK, Skffi )P R 7. Tudela Z5[211H TiO, /K K 3 FrsindpiE R, LS E0N: fidk
E VAR E ) 10 mg/L, TiO, (&N 1.0 g/L, pH =7, 80 Zr4l)G, =Ryt =M ML
it 95%.

HFRIT P E R R E B A A A, AR IR PTA R B b0 T BB AR
. —SeRANRBIR TR LER. SHERAESRATEWRR 8, RIS RS
1 HL AL B[ 22]

ASCAE H A A AR 2R K B B AR 73R mE L, 4% T kR e i B R A AR, R
AL BRI, XU R IR AKHAT T Bt 7t .

3. KBS
3.1. SERM R SR

ITO FHLIEIE(10 mm x 40 mm x 1.1 mm, <6 Q/cm’, EFFHIAHETAIRAT): 515 (99.99%, i
A TR R BAR AR KB4k, RET LB 4 ZmHF KA R A F]); NaySOs. HaSO4-
NaCl. PdCl, FIAE (o drati, E 2548 ZR A RA T S2i F /K5 4K .

3.2. Pd-PANI/ITO E& B RHHI&

UK ITO B3 I K Z B RGEB 4K 287 15 min, DLUEHTHUCHE, SRJE N 60°C MRS 3t T4
F o RH B EATE G IR IE P )2, BB 1 mL #%5 99 mL, 0.5 mol/L H,SOy VR A ia AE N HT
AT R 1TO 3 BB AE LA ARSI nr g A2 B VR IEAR, FIRN 2 mA, R AN
10 mm x 20 mm, FHEI A VEXT FOAREZ B F IR b, CRAIE T F AR Z AT TRTBE N 2 em,  FRF3% B O\ 1 7 43
s, AEHPI 10 min, VIR ERUE ML BT, HR T PANIITO SCHEHR.

PANI HHE M GERUE, TSR] ITO 33 FH —EH 5 M st i 2, 285 PANIITO
Y E L4 R Pd. PL0.01 mmol/L PACL, 5 0.5 mol/L NaCl FIVR & VA /e A ITRA W, K B )
AR, K ITO BEESE I IR Gibl, R BB IR IEA, YA 2 mA, JUFL 10 min 5, AIAEEE] 1TO
BRI I — Z3 S R BB, DL & T PA-PANIITO &4 Hik.

3.3. FIRAYSRAE

FIH SEM X R 531 1TO. #il# PANIVITO HARAI Pd-PANI/ITO & & HKTE 20 kV. JECK 5000
FERI A NIEAT 7 3RAE . AR S AR 45 R4 R0 R AH 0 52 SR XRD HEAT, Hp sl 40 mA, N
40kV, X BN Cu K Sk, fJa, H XPS r#T 7 AR EIMI e KA. X SFLRTE 0 Al #E K 528
(Z#: 100.0eV, 15kV, 150 W), AHEHTFREE S HTEE A EERAY, Bk £RE 2 il it fe.

3.4. EARAVELFENE

3.4.1. EBARAYZ P

FE IR R R AL 2 TAES 20 5% ITO. PANIITO. Pd-PANIITO #H4T 7 A2 R LK. L ITO.
PANIITO. Pd-PANIITO =4 AR5 HME TAERML, R TEXT B, WAHRBEHR ASHBNK, £=H
Wk 2255 B AT AR, HARVCN 0.5 mol/L Na,SO, . fEH MM FERBN N, 23T 7220
BELFCIAR, ISR IEEA 1 Hz~10000 Hz, ZHARIEA 10 mV.

3.4.2. HRAGER HELFEMEMIR
TE =0 T SR AL TAESE 4 5IMAR 7 ITO. PANIITO. Pd-PANVITO [FIBAMRARAL Hh4k, KNk Z
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R =HERA R, LLITO. PANVITO. Pd-PANUVITO 43 HE TAE MR, 405 VEXTEML, FH R AR AIE
Z LR, HETCN 0.5 mol/L Na,SO4 B W . fEJTEEHL A7 e HE Il SEAT AL TR TR, 94
FEH 0.17 mV/s.

3.5. UM EBKBEBRE G ®

K FH B AR M B 4 1R 2 A FELR PA-PANI/ITO X DUBR 28 PR /KT B A o H41) £ 4f (1) PA-PANI/ITO Hi
WA Sy AR FAR 4 380 B HVR AR, A AR ) B R B s e, ISR I, EEEIR TR
AL MR VYRR R IR K DURR KK IRTAER N 20 mg/L, HLRR BN 0.5 mol/L () NaCl V. 1ERF
fRid FE R, ARG 20 min HUREFH UV-vis Bl LIRS 3540, R H HPLC ¥RUAH 738 I e DU PR 38 PR /K%
WIS, APy 286 nm, WBIAHN HEEFAK, AFLEH 5:5, HE )y 0.5 mU/min, AN 35°C, i@
FEAARR N 20 uL, ZERECGREIZI T A 20[23] ()T

c,-C

n= x100% )

A p——TUIR R EFEER (%)
Co—— VUM R IV LR E (mg/L);
C—— YRR B &R (mg/L)

4. BZRE DR

4.1. Pd-PANI/ITO BBRAIFRIELE R

4.1.1. HBEREY SEM Z#f
2 ATEMFRIBORREECT, ROFH ITO SHIEIE. PANVITO SZ#EH LM PA-PANI/ITO &4 Hk
FF 4% LB (SEM) K

Figure 2. (a) SEM images of ITO glass; (b) PANI/ITO supporting electrode; (c) Pd-PANI/ITO electrode
2. (a) ITO ¥¥B; (b) PANIITO XIEEHR; (c) Pd-PANIITO 1% SEM
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M 2(a) FRIE H ARG ITO T ISR IR TH6, 4yl ERRKE, W 2(0)fs, W]
DABH R HI7E 2 1TO S ISR R4, IF BRI [R50 JE AR B Lh B 50, Bk Bl 1 3R
ARNGIZRE R AL R, x4 70 i i I A P ) B AR niE e, R0 ARV S T RE S PR T R AR
T A FEAR A A 24 ], AT 2 1 SR R S 4N K R 210 6 R A 2 92, ] B 5k o 8 W A AR K T e ) LU 3R T
R, BN T A (R AR, A AR TR A A

P 2(c) T B B g B AR R T gk b T — 24, AR, 5 PANI 45 & RELAF4ERUIRGE M, 4
ML), AMRHERSEY RBCR, H HICRMEAR I, Fe w7 s A fOF B4 e THER
FREAEAZ LRI R [25]. RRM P EZ8IN T 1TO TSR M 175 M RURE P, SR R A
FUERAE H ]2 b I REAS BIRCUF 0 7 Bl BRI S a1 AR I B R L B AR, AR T B AR R
Hbwi5 B4 55
4.1.2. BIREVLIINEE D

b TR S LR AR T, ANBEAE A KBr JE ik, R g R SHEXS PA-PANVITO HLRRIEAT 4141
e AIHT[26], LAWF 70 S 3 s AR R T R R R B RE ] . 18 SRR B AR S B R &3
7R N PA-PANI/ITO HLBR FILT 4G
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Figure 3. Infrared spectrum of Pd-PANI/ITO electrode
B 3. Pd-PANVITO EBAREI S HIEE

HE 3 FTLLEH, 7F 3652 em ™' B AL RIS R F N-H JR300&, 1299 em™' FJUEX R T 55 F A C-N
YRBHE, 75 3268 em ™' HHIL AR F (1 C-H 46 %30 [X , 76 1076 em™ [{IIE & T C-H T P9 2 Hh IR 14,
7 608 cm ' RGN N T C-H THI AP ihIRBNE . £E 1572 cm ™' Al 1488 em ' 104 43 B X6 T PANI (1R 245
FIN=Q=N)HIZE A L5 FJ(N-B-N) . HIX L LA LUE H, PANI D& D) #7E ITO Miflk b, JF HERZ
PRI GE A A AE LA T 1145 (1 PANT B2k, RIARSZEG #1146 (1 PANT B R AT 5 (27,

4.1.3. BRI RBEB I
KH X5 AT HM(XRD) XS PA-PANIITO HLMR & AR Z5 A6 T 1 04T, o dfr s SR an & 4 Fho::
HE 4 AT, PA-PANI/ITO Hi# 5 In. Pd A1 C FIATHFIGE. HrF, In FIATHIGEGEZL, Pd Al C
MIRTHF VAR 255, HARBIE, XEZRZRN Pd & ITO Bk s In & EDRE . E& WK
AEAE Pd HORTHIIE, 20 9 38.89°. 46.39°. 67.51°WHHIHLAIATENIE, ShrvER A xTEL T, B X Leig )
AL T Pd ) 111 AT5F, 200 A7 AT 220 f74F, BRI Pd 19 111 A75HAEX 582, A% b EELL PA(111) &
HAFTE. 20 4 43.32°H1 62.26° B {1048 C(101)F1 C(103) & THI IAT 516 28] [29].
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Figure 4. XRD pattern of Pd-PANI/ITO electrode
4. Pd-PANV/ITO Bk XRD 434 E

4.1.4. BB TRNTS S
AT %L PA-PANVITO HA% FITEERDS, X PA-PANVITO HEMGEAT X-51 4% 56 B FReit 4547, FFfF
I XPSPEAK4.1 3R ExT XPS Bl RitiT#l &, ARG RILA 5,
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Figure 5. XPS analysis of Pd-PANI/ITO electrode
5. Pd-PANV/ITO EBAR#I XPS 7347

398.8 eV

DOI: 10.12677/aep.2022.123077 593 IR AT


https://doi.org/10.12677/aep.2022.123077

LR %

M 5(a) A B H, PA-PANIITO HLMABIEA C. N, Pd . 78 C BIEFHEE 5b)t, @/ Lloy
HC RIS A I, B1FE C=C BERY 284.6 eV AL sp” Z< AL, C-N (1) 288.6 eV %, C-H ] 286.0 eV %,
VTR AR SRR ARG £, JF H C=N g AR K, R PA-PANIVITO HEARRE L& &R R E S
BN B 50)F, BOnEMIELLETE, 45 R0 398.8 eV 1 399.6 eV g5 B % B T WS A &(-N-)
AVEfZZ(-NH-); B 5(d)H ] LG . Pd TR A RIS S A RE 20l #E 337.7 eV Fil 342.6 eV 1] Pd(3d 5/2)
M Pd(3d 3/2), LAFEM Pd AE. ZAFIEHREL TRES, BERKNIERAFE30].

4.2. BRHVERLFENE S

4.2.1. 3ZHRBEHSTHR
WE 6 Fraasr BN EE S ITO. PANVITO. PA-PANVITO =AM IIASIHBTE, 78 =Bk 23

B, HEBCN 0.5 mol/L NaySO, i, MEMZEILE N 1 Hz~10,000 Hz, ZIREIEN 10 mV,
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Figure 6. AC impedance plot of different electrodes
& 6. FEIFRREIZARETE

MERTLUE R RALRSE B LR, AR AEUERIYI B 1TO FEAR s fr S B i P ok, R
% 7 PANI [f] PANVITO HARFHPTE H, M T PANI F1 Pd (R A B PA-PANIITO #r4& = b HLFH
/N, EW] PA-PANVITO H & BN EA K& ITEEE, 20 Uil, Pd R PANI 6k, #8200
ANHAR T BELBT, A4 AR P FRABE AR T B

4.2.2. BRAIPARAR L HEZR 534

061 . paNmITO
05 e Pd/PANI/ITO
| —a—ITO

~ 04

e
03

% o—o-Comiif® 4
02 a0
0.1
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Figure 7. Polarization curves of different electrodes

B 7. TEIRRAIRILEL
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W 7 fRsr BN EE T ITO. PANVITO. Pd-PANI/ITO =ANHIMEIRAL 2R, #hk 28820 A EH
WA M2k . TEARFRMAR R A, HAREATIN 0.5 mol/L NaySO, ik, F3# N 0.17 mV/s.

Bl e 2350 43 Sy AS T E R P B AR A Ak il 2, e P v B AR B A it 26 T DL HH T A LA AR R E RS
Pd-PANI/ITO Witk Y6 1ER, BlJ5 PANVITO 1E#2, /58 ITO. fEAMH R N HEMRITE B A IE, H
Mragm e s, B LvEREIEr . BN, 24 Log1 ~-7.4 A/lem i, ITO. PANI/ITO. Pd-PANI/ITO =
AN BN B AL A3 10 0.21 VL 0.23 V. 0.27 Ve HIEIERIF1#k 1 Pd i1 PANI i 5] PA-PANI/ITO &
A H R AR VE R, TR AT R 1 ITO st dtdk, Hraumthm, Rl ibihpe i,

4.3. PEfRER AR PUFA R R KPR R AR

R AR B (1 LA P B2 U8 T PA-PANI/ITO AR PURR 28 B K I B0 o % SEIR I 9T 1 A [R] P4 AR
FLLAT PA-PANVITO HEARPERERIS I . 7ESEI0EFEd, DU R K IWIURIRE N 20 mg/L, HARFER
4 0.5 mol/L NaCl {5 B&fFEN 1 mA 35 mA, A58 10 mA Fl 15 mA. HE 5V, TEEER T FM@
20 4rfe S5 RTIE 8 FioR.

100 ——
100 —m=]=] mA
9, —0=[=2 mA
90 |- 80 | [—A=I=3mA §/§
=v=I=4 mA
_ 80T —o—[=5 mA é/ i
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Figure 8. Effect of degradation current on the degradation rate of tetracycline wastewater

B 8. PR e AR P 3R 32 PR 7K P AR R B0 22

M 8(a) A 8(b)yH ] LG # A H, 76T 120 min N, 1 mA F 5 mA X PUIR K K /K K B AR AL
ROHN 44.68% 62.89%. 67.5% 68.5%%F 83.4%., MHLFLFEEMN ImA HINE] 5 mA K, FHATRI
Pd-PANI/ITO HILARA PURR 215 /2 1 25 BR 28 il A FRLIA 9 B2 XD Dog8 i 8 R . Ml n#) 10 mA. 15 mA
b, POER 2R K 25 B R A R 1, 0 79 83.86% 1 83.94% . IX 2 [RI Ay IH Fef BELJAE 56 F5F 1) 488 Ty o) o i 2R
MITTRREL/N, BT s T 2 10 mA J5 B AR R (8 E ) .

4.4. PA-PANI/ITO BRI ES EH M

N1 %% PA-PANIITO & HIRINER MM, fEMFESKIRZN T, WIARZKEET TEE 41K
IR B AR SRS, 72 120 min N, B IREEMRIESLINE 9 Pros. MWERE S, RRESMEM 4 5,
UGS PEREASAT T B, RS HRAE T, BRIV FEIAE 6.1% LA, 150 ] FL A A5 FH Vi R PAY
A e A LA R IR EE A A

DOI: 10.12677/aep.2022.123077 595 IS RI R


https://doi.org/10.12677/aep.2022.123077

LW 5%

— %

O 1 1 1 1
0 20 40 60 80 100 120
SBEEFA] (min)

Figure 9. The effect of repeated use of Pd-PANI/ITO electrodes
9. Pd-PANI/ITO ERIRHIE B fE AR

4.5. IFFREELPEMRIIERIRST
R LC-MS I IS AN 56 H b R AL B AR DU 2R 2 2 (4 v 18] P AT 1 0 Hr» 46 Ran&] 10 B
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Figure 10. Mass spectrogram of tetracycline electrocatalytic degradation

B 10. MUIFEEEAERIEE
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Figure 11. Structure of intermediates in the degradation process of tetracycline
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Figure 12. Changes in UV-vis absorption spectra during the degra-

dation of tetracycline wastewater
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Figure 13. Kinetics of Pd-PANI/ITO electrode degradation of tetracycline
wastewater
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