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Co Based Carbon Materials as Bifunctional Catalysts for Efficient
Degradation of Ciprofloxacin in Electro-Fenton System
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Abstract The overuse of antibiotics has resulted in a significant accumulation of ciprofloxacin (CIP) and its
degradation intermediates in the environment, posing a threat to the environment and human health. In recent years,
it has been considered a promising method to use heterogeneous electron-Fenton technology for antibiotic pollution
treatment. In this study, we used organic metal framework ZIF-67 as precursor, and prepared a series of Co
based carbon electrocatalysts (Co-NC-T) under different temperatures. The successful formation of the catalysts was
confirmed by morphology and crystal structure analysis, including scanning electron microscopy, high-resolution
transmission electron microscopy and X-ray diffraction patterns. On the one hand, The results of X-ray photoelectron
spectroscopy showed that Co-NC-900 contained the highest proportion of graphite N, which was beneficial for O, to
generate H,0, through 2e” reduction reaction. On the other hand, the multiple valence states of Co[ Co(0), Co(1I),
Co (1) ] could promote the conversion of H,0, into various reactive oxygen species during the reaction. The
Co-NC-900 catalyst could simultaneously promote the formation and activation of H,0,, which was beneficial for the
degradation of CIP. The quenching experiment and electron spin resonance experiment results indicated that the main

reactive oxygen species in the system were *0, and *OH. Reactive oxygen species could synergistically participate in
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the reaction, thereby improving the degradation efficiency of CIP. Under pH=3, the removal rate of Co-NC-900 to

CIP was 94.5% in 120 min. This study provided theoretical guidance for the efficient degradation of CIP in wastewater.

Keywords Electro-Fenton; Ciprofloxacin(CIP) ; ZIF-67; Co based carbon material ; Active oxygen species
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Scheme 1 Synthesis of Co-NC-T catalysts
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Fig. 1 SEM images of ZIF-67(A, B) and Co-NC-900 catalyst(C, D)
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Fig. 2 TEM image of Co-NC-900(A) and measurement of exposed lattice fringes of Co-NC-900 from
corresponding HRTEM image(B), element mappings of Co-NC-900(C—F)
(C) C;(D) N;(E) 05 (F) Co.
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Fig. 3 XRD patterns of as-prepared catalysts(A), Raman spectra of as-prepared catalysts(B), pore diameter

distributions(C) and N, adsorption-desorption isotherms(D) of as-prepared catalysts

Table 1 Parameters of specific surface area and pore size of Co-NC-800, Co-NC-900 and Co-NC-1000 catalysts

Catalyst Specific surface area/(m?-g™") Pore volume/(cm®-g™)
Co-NC-800 266.27 0.24
Co-NC-900 219.86 0.24
Co-NC-1000 123.55 0.17
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Fig.4 Survey(A), C,(B), O,(C) and Co,,(D) XPS spectra of Co-NC-900
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Fig.5 N, spectra corresponding to Co-NC-800, Co-NC-900 and Co-NC-1000(A—C), calculated different
nitrogen species contents over as-prepared samples(D), CV curve of Co-NC-900 tested in 0. 05 mol/L
Na,SO,(pH=3) solution at a scan rate of 0. 05 V/s from positive potential to negative potential(E) and
Nyquist plots of ZIF-67 and Co-NC-900 in 0. 05 mol/L Na,SO,(pH=3) solution(F)

Co-NC-1000) , Co-NC-900 Ak 77 % 47 fre i FL Bl () A 28 N, 3 A7 F1 T 0,38 3 2e 38 J5 W B B H,0,7°%,
R F ISR AL TE PR BT LA SN, AR R LTS5 1 U S S O b M
K AR AR AL

T — 2 AL Co-NC-900 19 HEL Ak 2% 7% 5T, 7€ pH=3 [ 0. 05 mol/L Na,SO, % W H #1471 CV H
EIS it SCE)FI(F) 1. MEI S(E)H ] LI H, Co-NC-900 7£-0. 5~0 V(vs. SCE)Z [RIZRIH T —4
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Table 2 Content of different nitrogen species in Co-NC-800, Co-NC-900 and Co-NC-1000

Content of N(%)
Catalyst o ) o
Pyridine N Pyrrole N Graphite N Oxidic N
Co-NC-800 1.20 0.67 0.96 1.09
Co-NC-900 0.69 0.74 1.16 0.79
Co-NC-1000 0.42 0.50 0.76 0.62

A 0 A 3 DR s, 36 R T B H AR R SR RE ST . R, KRS (F) A BEL BT B b ml LR, A
T ZIF-67 Hk{A , 15 2] 1) Co-NC-900 £E = 4 X PN HA7 5 /NI [R5 A%, X GIE B Co-NC-900 i Ak 77 H AT
AR PR S 1T R ey A S BEL T L A ) L A S RE N S L A R A i SR P AR TR
%ﬂ_mi.
23 EUFIRFERRERE

fi FH CIPAE MR RYIS ey, XA Ab R AL BRI e P EREEA T T PR, (Bl 6). 1 2E, BT
A [EB R XA FIHEAL 15 PR B R0 . A&l 6 (A) BT/, 78 5 ANBCBE IR EE i % 1 B AE 5 H , 900 °C
TR AL ] Co-NC-900 HA fz /55 14 CIP FEARSCE . AH T H e AR, 7E Co-NC-900 B fif A R
. CIP7ERT 30 min FFE AR B B3R5, I3 T 82. 5%, 120 min FIFEAEAEE N 94. 5%. 454 HITHINFE
TS A PERE T TT 2 T Co-NC-900 A B S AN, AFT 0,385 2 e R J5IE
B H,0,, SETTA R 15 M R 0 A i, s kTR SR s IS A R ORI, O T IR ASRT RS
TR AL R RE SR, EAT T AHRE S 10 il 6 (B) FI(C) ALK R 3 PR, sl 124G
FI4E R IR, CIP A R fiad BT A v — 8l J12% . Co-NC-900 {4k 751 (1) 52 1 18 R H %5 (k) 4 0. 02972
min', B & & FAEAL 5] Co-NC-800(0. 02126 min ™) Fl Co-NC-1000(0. 02013 min™") , 13X F A ] R BAE IR
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Fig. 6 CIP degradation curves(A) and corresponding pseudo-first-order kinetics fitting
results(B, C) over Co-NC-T catalysts

Table 3 Fitting parameters of pseudo-first-order kinetics with different catalysts

Catalyst 10% k/min”' R’ Catalyst 10% k/min”' R’
Co-NC-600 1.38 0.9982 Co-NC-900 2.79 0.9671
Co-NC-700 1.65 0.9951 Co-NC-1000 2.01 0.9043
Co-NC-800 2.12 0.9904

FEHLFEARZR RO Y pH AT P T . S8 TORE pHAE T, SefEAE L] Co-NC-900
AL IS PER AL . NI 7(A) FR T LB Y, 78 SO AR ZR 19 pH=3 I, CIP AR AR SR e A, X T RBJE T
Rk S5 1 A AT H,0, B9 TE 5. 2430 4R pH=2 ), CIP 4 5 i v RE WS A7 T % (DA 94. 5% [AR &=
93.3%) , XA RESE R TomMR M N HVEHE R, H,0,5 H 45 &TE [ H,0,], MiBHAT T -OH F1-0,
B AR, CIP R AR AR IRARS. BRI, M N AR R B9 pH T 22 4 RIS B, CIP Y R A 305 B (B A1
120 min NALGEE 84. 1% F81. 1%, iX A RESZ T pH H3E 0, O, 2e i st S Wi g 4 il , PRI 3 2
AR A R R A, BT pH TR, AR 1A 0 B S e M O S AL, s BT RO T

Chem. J. Chinese Universities, 2024, 45(9), 20240247 20240247(7/11)



Jd 53 5Ky s R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

FRRAR . AL N 8N 12 A R B, AN pHAR T 1) CIP B AP & —Jsh 1 AR [ 161 7(B)
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Fig. 7 CIP degradation curves(A) and corresponding pseudo-first-order Kinetics fitting results(B, C)
over Co-NC-900 at different pH values
Table 4 Fitting parameters of pseudo-first-order kinetics with Co-NC-900 at different pH values
pH 10? k/min™ R? pH 10% k/min™" R?
pH=2 1.59 0.9804 pH=4 0.93 0.9728
pH=3 2.79 0.9671 pH=5 0.66 0.9365

24 CIPHIPEMEIREE

TEVERS T AL 0 CIP BRI REZ 5, X CIP (KRR = uEAT T 208, FH4H T Rl BE Ao A %
P (Scheme 2). 1EIGVEEDFIVER T, CIP 32 238 1t W SRk R U A TR . 7R — S f2h, CIP
(m/z=332) 53 TG0 F I 19 S AR 2 & PR Rl s, AR ™ W0 P1(m/z=346) . B4 [
PIARSEIEA T, PLEEIR T ARFR LA Sl xS Ju IR Y T R AR . A2 1 1779 P3(m/z=228) , P3 | #—OH
HE—2B BB, AR PA(m/z=166) . 1E55 —fkigtaH, CIP(m/z=332) F—COOH LS, L T 74
P2(m/=288)"". P2EIGYER MM I T, RIRTFH, A pl T 74 Pa. Wi 2k A2 T AL i 7= P4 Hp

) e R
‘f 1 ‘[ Y H [ :
[ HO. ] ! ] ! . i
! | H) I " CHs _N_ _OH H | Further reaction ]
! el ! ]

] > A 1 form 1
i K\N N H o ! | OH ] i to fo ]
/ N1 i 1 o 1 I CO;and O 1
o o H 1 [ ] 1 1
< ] [ 4 1 ’I

A \

. CIPm/i=332 / HN Y V ?
"""""""" I O 1

(o] [o]
P2, m/z=288 P4, m/z=166 PS5, m/z=91

Scheme 2 Potential CIP degradation pathways deduced from HPLC-MS analysis

2.5 fEWFIRIPERRIIE

TEHLZFU SN v, TGP A AT DL 55 e AR AR, SEBTS Qe AL o . TR, X
PESE RN T %08 A R T o B il e AR LR . St , i — B4R 1T T CIP Rl B v B e EE A Fh2E L
FAARL S B T35 . B I FEREE A R T — RIS, i AN R A3 IR, Al DASE B
XFANIE] R BT IR, DT 2 76 SEBR 8 CIP R A o) A% rh B IE VR TR Bl A2 . Bl T 3 A
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EAE NI, CIP PR M L4 T IR (M 94. 5% FIEF]87. 7%) , 1% 28] H,0, % T4 i - OH F1- 0,
SEARHEERR . [FEE, O, FTRERIE T O, HIE AL . 56 FIR Al 15, TRk R T, -0,k
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Fig. 8 CIP degradation curves(A) and corresponding calculation of pseudo-first-order kinetic constants
under different scavenger agents(B), detection of active oxygen species using ESR spectra(C),
cycle test of CIP degradation over Co-NC-900(D)

N T 0 R 1R TR AR A, I ESR UEAT T 8(C) |, Al 48 g £ - OH (3 i
Fp1:2:2: DRI O; GREEN 1:1:1: D) WES, 85BN, 1ERVAR R h i SEA e X mFp A kL, Jf
H - O35 (115 5 LA K ESR 2 5 H A0 g M mT LA UE R - O & die B AT PR, 1 S48 K St iy 4%
R—2. TEE TIEMEE YR RS STk 5, LR G ER R e PEREZEA T T I, QiR 8 (D) i
7R, MEARFITE 3 MRS AR AT DL 80% 1 CIP AR , UERAAEAL I AT — & A SZhr i F e /7147

HF BT, $2H T Co-NC-900 {1k 71 76 AF 347 A1 28 v J5 1 14 & rp B A CIP 1 & BR AL
1 Scheme 3 7 . ZEABZ AT LA 52 AL R AL PERE , A 85 N A2 A T AU AR R0 1 Tl 2
PER A P25, JRTEMISR A B SIS . BEAh, BURF AT LE ot B3R sp™- 28 fb i i) Stk R
AR i FRE DT, TS LRI SO, AR F HO0, 774 . 858, O, 4 IR R HETT 2e 1YL
J s A 8 H,0, [ (D) T Lk, H,0,75 8 e ZE AL -OH[ 2 (2) ] [FET, H,0, 87T P15 - OH 2 i A= A%
0, [50(3) ] Ak, 85 N o] LIESE i b 0 Fe T 1) W A U B L (1 0,715 8 e A - 0, [ 50 (4) ]
FRILZ AN, Co® AT LAY H,0, KA EAL IR JE 0, B0 A: i Co™ - OH[ 2K (5) F1xl(6) |5 Co™ 5 H,0, k4=
WIS, HERCHO, , B AR -0, [ (7) A (8) 91, ek, CIP £ Z s A Rl i oo
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Scheme 3 Possible reaction mechanism of CIP degradation over Co-NC-900
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