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Performance of Co/g-C;N, composite catalyst activated peroxymonosulfate in

removing ciprofloxacin
DUAN Yi, ZOU Ye, ZHOU Shu-kui”
(School of Civil Engineering, University of South China, Hengyang 421001, China)

Abstract: Co/g-C;N, ,a composite catalyst, is prepared from melamine, cyanuric acid and cobalt nitrate through
high temperature calcination method, and is used to activate peroxymonosulfate (PMS) to degrade ciprofloxacin. The
effects of each influencing factor on the removal of ciprofloxacin by Co/g-C;N, activated PMS are investigated.It is shown
that the removal rate of ciprofloxacin can reach 99.5% in 45 min when the concentration of Co/g-C;N, added is
0.5 g-L™",the dosage of PMS is 2 mmol-L™" the initial pH of solution is 7,the initial concentration of ciprofloxacin is
5 mg-L™" ,and T=30°C.The removal rate of ciprofloxacin reaches still 83. 3% after the catalyst has been reused for five
cycles, indicating that the catalyst has a good reuse performance and stability.It is verified through free radical quenching
assay that the mechanism in removing ciprofloxacin by Co/g-C;N, activated PMS includes free radical pathway (SO,-",
-OH) and non-free radical pathway ('0,,0,+") ,in which 'O, is the main active substance,followed by SO, -".
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(Co™/2p,,) .786.15 eV (Co’*/2p,,,) Fl 781.42 eV
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C,N, it} 0.5 ¢/L . PMS ¥R K 2 mmol/L pH =
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(a) ron, HE 5(a) ATHL, 76 PMS Hpl{R R i,
45 min NXF CIP 19 25 BR AN 23.3%, iX 5 T
HSO; BIEALHA N 1.75 VP XF CIP A —E A
EH ., HA Co/g-C,N, HUIAEAERT, 45 min N XT
CIP FYZBRFRALA 45. 2%, HAEAH ] () 5 0 Bsf 7] P
Co/g— C,N,/PMS 1K & X} CIP 1) LBE KL E T
99.5%, H. Co/g~ C,N,/PMS 1k Z& 2 I 4 3 % %t
(0.106 9 min™" ) JEFAH Co/g—C,N, /AR (0.009 4 min™")
B9 11,37 £, J& 500 PMS £ & (0.005 6 min™") Y
19. 09 %5, ¥4 T Co/g—C N, FAEALIE P, W LU
F3H4k PMS £ CIP,

AN R 2B CIP 13 R FH M — R 8y g 2k
A, 2518 2(b) BiR .,

C = Cye ™ ! (2)

RrP.C NN tmin J5 CIP B B E W E , mg/L; C,
N VHT CIP (4T B R, me/ L, K, WifE—93h
F12 B min™! ¢ MOV E] min,
2.3 CIP BRI IMEE S
2.3.1 pH# %k

FEA DTS G AL B A R b VR 46 pH
ANASUE M A7) %) 2 THI FEL 467, 38 52 R0 BILTS 0 1)
SIS, FET I, 7 CIP MR R E R 5 mg/L,
Co/g—C;N, R ¥ JEH 0.5 g/L, PMS ¥ J&
2 mmol/L. T =30C B, 8] T AR pH (3 ~11) %F
Co/g—C,N, %1k PMS Bk CIP 50 , 45 Rl 6
fiis, R 6 Al%, 24 pH 4 3~7 i, CIP By EFR%F
B pH A3 Iz i T, 02 pH 4kS2s8 hinzs o fil 11
I, CIP {22 BRAFAD 2Uml T e, R W] pH=7 52 Co/g-
C,N,/PMS & & 2 B CIP W) & fE pH, JR K7 F
PMS [F1E§ - (HSO; ) fifk 73 i A B iR 3 A1 [ Fi 3619
RN (3) ~K(5), Eod R OH”
S HSOS B4, 3L SO, - AR LT
CIP YRR M ok, it 20 Ol LR 1E ik 70 K im
SRR PMS BT 2 1] ) # f HE S A8 15 1

1.0
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B} 18]/ min
l—pH=3;2—pH=5;3—pH=7;4—pH=9;5—pH=11

K6 7R pH At CIP %4 th %
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G, TRCFIHETR 2000 SO, - I B Wi A1, 7
2% TS 5 0, U540 ) 0 o
R

HSO; + Co®* — S0, -+ OH™ + Co’” (3)
HSO; + Co®™* —— S0, - + H' + Co™" (4)
280, -~ —— 280, -+ 0, (5)

2.3.2 Co/g-C,N, REHKENHh

FE CIP ¥ 45 Jit £ W B4 5 mg/L PMS ¥ B
2 mmol/L .pH=7 ,T=30°C i}, Co/g—C,N, Ji it ¥ &
XF CIP EBRH & 7 i, K7 i UE
YA R R AR 0. 1~0. 5 g/L I, CIP A%
BB Co/g—C, N, I VR B I 38 K 7 g, 31X
JEH Co/g=CyN, O H Ve B R, B AL 1 3% 1 Aor
SUERZ  E YA B R R ARSI 2 0.7 ¢/ L
0.9 g/L I, CIP /Y L BR2 208 F B T R iR
T RHEAL 3R 3 22 7 A A L A SR P A6 ek
b T B SR AR, IR 0.5 ¢/L 2R Co/g—
C,N, W e i

1.0

0.0k L . . . L L | A !
0 5 10 15 20 25 30 35 40 45
B} 8]/ min

1—0.1 g/L;2—0.3 g/L;3—0.5 g/L;4—0.7 g/1;5—0.9 g/L
W7 BAFFRERENCIP 2% EH

2.3.3 PMS RE# ™

CIP W3 B A 5 mg/L, Co/g—C, N, JFi iz
W R 0.5 ¢/L pH=7 . T=30°CH},PMS ¥ JE X} CIP
EERAEZm AN 8 s, thIE 8 nl A, CIP 1Y £ BR
R PMS Y B A4 38 i 3% K, FeHH PMS ¥ JE
K, PR HE R TG PE A B 22, 24 PMS R R Y R 3

1.0

0.8-

0.6

o

Q
S 04f

0.2

0.0k L L . A . L ’ N
0 5 10 15 20 25 30 35 40 45
B} )/ min

1—0. 5 mmol/L;2—1 mmol/L;3—2 mmol/L;
4—3 mmol/L;5—4 mmol/L

K8 PMS W E Xt CIP & [k 8y % v

E43EE 12 H

3 mmol/L fl 4 mmol/L B}, 20 min A} CIP 2Bk %
S 95% , 45 & A T 8, B 2 mmol/L
PMS MR
2.3.4 CIP #1457 K E M ¥k

TE PMS ¥4 2 mmol/LCo/g—C N, ik
S} 0.5 ¢/L pH=7 . T=30°C i}, CIP 4] 4 Joi 12 e & Xt
CIP KBRIUSZmanE 9 firzs . W& 9 Al %0, CIP By 2%
BRRFEA CIP ) 4R T ok B 34 g B AIG, {224 CIp
) R R H e B 3k 20 mg/L I, 45 min I, CIP 1
MR AT A 75. 4%, YW Co/g—C,N, AT A %36 1k
PMS £ CIP,

1.0

X1 ) . L 1 1 1 . . 1
0 S5 10 15 20 25 30 35 40 45
5[]/ min

1—2 mg/L;2—5 mg/L;3—8 mg/L;4—10 mg/L;5—20 mg/L

K9 CIP 4 &K E A CIP %8 %
2.3.5 BENYH

7E PMS ¥ A 2 mmol/L Co/g—C,N, JH ik ¥
90.5 g/L CIP UG BT E 5 mg/L pH=T7 i, il
J£(30~50°C) XF CIP ZBRAgsZmani& 10 frs, H
10 7] 50, 8 TR BE R R T CIP (RSt , CIP [%
i B FETR R 30°C

1.0

) P S —
0 5 10 15 20 25 30 35 40 45
B} 18]/ min

1—30%C ;2—45°C ;3—50C
10 BEXCIP 2R %mH

2.4 EEXW

N T AR E Co/g—C N, HIFEENE, 1E PMS
WHEH 2 mmol/L Co/g-C,N, BiEikEHR 0.5 ¢/L,
CIP HIUA A E N 5 mg/L pH=7 . T=30°C FFf7HE
A RN 11 s, B 1L R R LA TR
B K (99.5%) . 5 2 K (99.5%) R 3 Ik
(95.2%) H 4 L ¥ v Co/g—C4N, T 1k PMS % BR
CIP By EBRRIEARLRFEAL 25 4 YK (89. 8% ) CIP
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HI 2B A P, RS HEE LRI T35 5 Ik, %
BRk A A 83. 3%, M Co/g—CN, B 4 F I
MkEETE R

1.0F

0.8+

0.6

0.

0.2}

0.0 G &5

135 5
H']'r_] /min

crc,
A

1—50 1 U0 2—50 2 I;3—40 3 I 4—50 4 I;5—55 5 Ik
B 11 Co/g-C,N,/PMS & % £ & CIP ty

2.5 FEHEBHESHT
F T U 4 S A )5 1k PMS fE LR A A
BLI5 Gl R AL R TR O S PMS Z [H) &R
HL RS (R s™= A R4 5T (SO, -~ Fil- OH) Al
HEEY (0, F10,-7) , 0 TIRF Co/g—C;N, i
b PMS R CIP o #2 P i& P Fh % 5Tk, 7 PMS
We &R 2 mmol/L,Co/g—C,N, FiEHkE R 0.5 ¢/L,
CIP W IA R A 5 me/L pH=7 . T=30°C F #17
PR SBATE YA E . >R MeOH (10 mmol/L)
K SO, -~ , TBA(10 mmol/L) K - OH , Bl ( FFA ,
10 mmol/L)?éEDE '0,, KM (BQ, 5 mmol/L) ¥ K
T AR Co/g—CyN,/PMS 14 & 2[5 CIP
%mﬁnl‘é‘l 12 fir7n, M 12 I TBA A1 BQ Xt
PEAL IR A B2 TCR2 0 | 1T FFA Al MeOH Y 7E — & 72
JE LI T A B A A R HLOFFA B0 AR
MeOH H % 45 min A, CIP [ AR M 99. 5% 43 5
TFER 45% 1 90. 2% , K WITE Co/g—C,N,/PMS {1k
AR AR T S0, - Al '0,, H Co/g-C,N, Witk
PMS £Bg CIP st v iy R ZIE MW 2 10, , Hik
9 S0, -~ H AT HEI Co/g—C4N, 71k PMS %R

1.0

0 5 10 15 20 25 30 35 40 45
B} ) /min

1—FFA ;2—BQ;3—TBA ;4—MeOH ; 5—X} R 44
B 12 A E &K F X Co/g—CN,/PMS 1k %
F & CIP th %

BEF Co/g-C,N, SEELTIEKE

RERE SR AR 20VIEEEAR - 147 -

CIP (REfEHLEIA B 5L iE A2 (S0, -~ -OH) FIHEA
IR (10,) I P R AR EEPE%LHEEEE%
wRNE,
2.6 Co/g—C,N, i&{ PMS [ CIP B9#LEI 47
XPS 43 M1 5 WL Al Ji Co Ak 2% M 25 & BI,
Co( 1) PARXT 2 B FEAG, T Co (1) F4 A o 2 k344
i, a4 S 3 AR AR FE Co (1) AT Co (1) 1Y
PRI Ak, 3% B A2 A Ak S ny 3 B2 Hr, Co (11) A0
Co(Il) ZMH &4 THFHEBELIR T A id I
i1 Co/g—C, N, fEALFIh S B 7 R AR B FH6 RS R
AR N PR HE TG A a5 . FETF 2.1 A1 2.5 5T,
BT Co/g—C,N, 51k PMS [&f# CIP 7] fE Y 21
MUER, Wi 13 iR, @it Co( D) Al Co( 1) AEIF =
A S0, -1 10, SR Bl CIP (AR fiEfbad 7
Tl Re & AR R

Co’* + HSO; — Co’" +S0, +~ + OH~ (6)
Co® + HSO; — Co** + 80, + + H' (7)
280, -~ + H,0 — 2HSO; + 1.5'0, (8)

SO, « "+ 1O2 + CIP — products (9)

S0,

0, fCIP
PMS\/ Co™*
\ S0,

Co?*

products

¥z ¥¢

CO™ pms

B 13 Co/g—-C,N,/PMS f& Z 4 1k %
CIP #yHL#

3 #ig

SR FH R B i il 28 T 2 AR Co/g-
C,N,,Co/g—C,N, i1k PMS F&f# CIP 30 B
ik tERE, SIA LSBT SE T ¢-C,N, M
e, B E TR TS 1L, Co/g—C,N,/PMS 1A 2 %}
F CIP [REfRELAT BB

(2)7E Co/g—C;N, FTHEHKEE 0.5 ¢/L PMS ¥
R 2 mmol/L CIP WItR R =k E N 5 mg/L w bR
pH=7.T=30C SES ﬁ:? FL W 45 min i, CIP B9 2=
BRRIEF] 99. 5%, H. CIP A& i B AR 45 A Ul —
R5h f1% )i, Co/g—C,N,/PMS K& TE 3.0~9.0
BETE pH O N 1 BB DR A5 55 s I A AR T %, X CIP
HABH LR, H Co/g-CN,/PMS KR %
it 5 AR, CIP B4R 154 83. 3%,

(3) Co/g=C;N,/PMS 1 Z#f# CIP 1T P dE



- 148 - FAX AL L F43EBI2H

F i B2 (S0, -, - OH) FIEE A i 342 (10, .
0,-7) o EEJEEY R R '0,, kN 80, K
NEFTJE Co/g—C,N, ) XPS BTG Hr £ fEAL 7
A Co( I1) F1 Co( 1) Z [B] A A= fR L R4 RS AR H 42
T Co/g—C;N, MELLFIXF PMS M3ELR0E

S 3k

(1] 230 EAH S L i TR EE MR R R 25 b 215 e [ D] A K
JE LI R A4, 2020.

[2] Berendonk Thomas U, Manaia Célia M, Merlin Christophe, et al.
Tackling antibiotic resistance; The environmental framework [ J].
Nature Microbiology,2015,13(5) :310-317.

[3] AL REESE, WRr 1, 5. A SIS IR IEAY Zn0/Ag, PO, &
MRl # M X R Y Vb R B AR R (0] A2 B BB R,
2021,38(7) :2254-2264.

[4] Estefania R, Aracely H, Verénica S, et al. Synthesis,
characterization ,and photocatalytic performance of FeTiO;/Zn0O on
ciprofloxacin degradation[ J].Journal of Photochemistry & Photobi-
ology, A : Chemistry,2021,411:113186.

Caicai W, Shengwang G, Jianchao Z, et al. Enhanced activation of

[5

[

peroxydisulfate by strontium modified BiFeO; perovskite for cipro-
floxacin degradation[ J].Journal of Environmental Sciences,2021,
99(1) :249-259.

[6] Pei W,Yiliang He, Chinghua H et al.Oxidation of fluoroquinolone
antibiotics and structurally related amines by chlorine dioxide : Re-
action kinetics, product and pathway evaluation [ J ]. Water
Research,2010,44(20) :5989-5998.

[7] Qingyun Y,Lian C,Huang K, et al.Constructing an acidic microen-
vironment by MoS, in heterogeneous fenton reaction for pollutant
control[ J ].Angewandte Chemie,2021,133(31) :17155-17163.

[8] Yaowen G,Zhu Y, Lai L,et al.Electronic structure modulation of
graphitic carbon nitride by oxygen doping for enhanced catalytic
degradation of organic pollutants through peroxymonosulfate activa-
tion[ J ]. Environmental Science & Technology, 2018, 52 (24) .
14371-14380.

[9] Ghanbari F,Moradi M.Application of peroxymonosulfate and its ac-
tivation methods for degradation of environmental organic
pollutants ; Review [ J |. Chemical Engineering Journal, 2016, 310
41-62.

[10] Wang L,Guo X,Chen Y et al.Cobalt-doped g-C5N, as a heteroge-
neous catalyst for photo-assisted activation of peroxymonosulfate for
the degradation of organic contaminants [ J]. Applied Surface Sci-
ence,2019,467-468.954-962.

[11] Li C,Huang Y,Dong X, et al.Highly efficient activation of peroxy-
monosulfate by natural negatively-charged kaolinite with abundant
hydroxyl groups for the degradation of atrazine [ J ]. Applied
Catalysis B;Environmental ,2019,247.10-23.

[12] Tang X,Feng F,Ye L, et al.Removal of dilute VOCs in air by post-
plasma catalysis over Ag-based composite oxide catalysts[ J ].Catal-
ysis Today,2013,211:39-43.

[13] Anipsitakis P, Dionysiou D.Radical generation by the interaction of
transition metals with common oxidants[ J |. Environmental Science
& Technology,2004,38(13) :3705-3712.

[14] Anbia, Mansoor, Rezaie, et al.Synthesis of supported ruthenium cat-
alyst for phenol degradation in the presence of peroxymonosulfate
[J].Water, Air and Soil Pollution,2016,227(9) :1-9.

[15] Wang Y, Wang X, Antonietti M. Cheminform abstract; Polymeric
graphitic carbon nitride as a heterogeneous organocatalyst; From

photochemistry to multipurpose catalysis to sustainable chemistry

[ J].ChemInform,2012,43(15) :68-89.

[16] Wenda Oh, Victor W, Zhongting H, et al. Enhancing the catalytic
activity of g-C3N, through Me doping ( Me=Cu,Co and Fe) for se-
lective sulfathiazole degradation via redox-based advanced oxidation
process| J ].Chemical Engineering Journal ,2017,323;260-269.

[17] Caifang L, Xianliang W, Junyue S, et al. Preparation,
characterization of graphitic carbon nitride photo-catalytic nanocom-
posites and their application in wastewater remediation; A review
[ J].Crystals,2021,11(7) :723.

[18] Yan S,Li Z,Zou Z.Photodegradation performance of g-C;N, fabri-
cated by directly heating melamine[ J].Langmuir:the ACS Journal
of Surfaces and Colloids,2009,25(17) :10391-10401.

[19] Lotsch B,Schnick W.From triazines to heptazines: Novel nonmetal
tricyanomelaminates as precursors for graphitic carbon nitride mate-
rials[ J ]. Chemistry of Materials; A Publication of the American
Chemistry Society,2006,18(7) :1891-1900.

[20] Feng Y, Liao C, Kong L, et al.Facile synthesis of highly reactive
and stable Fe-doped g-C;N, composites for peroxymonosulfate acti-
vation: A novel nonradical oxidation process [ J ]. Journal of
Hazardous Materials,2018,354.63-71.

[21] Zhenyu W, Wei G, Yanjuan S, et al. Water-assisted production of
honeycomb-like g-C;N, with ultralong carrier lifetime and outstand-
ing photocatalytic activity[ J].Nanoscale,2015,7(6) :2471-2479.

[22] Nanotechnology N.New nanosheets data have been reported by in-
vestigators at hefei university of technology ( strongly coupled g-
C;N, nanosheets-Co;0, quantum dots as 2D/0D heterostructure
composite for peroxymonosulfate activation ) [ J ]. Nanotechnology
Weekly,2018,524.1801353.

[23] Suyana P,Ganguly P, Nairbalagopal N, Mohamed A, et al.Co;0,-
C;N, p-n nano-heterojunctions for the simultaneous degradation of
a mixture of pollutants under solar irradiation [ J ]. Environmental
Science ; Nano,2017,4(1) :212-221.

[24] Qixun G, Yi X, Xinjun W, et al. Synthesis of carbon nitride
nanotubes with the C;N, stoichiometry via a benzene-thermal
process at low temperatures[ J].Chemical communications ( Cam-
bridge , England ) ,2004, (1) :26-27.

[25] Wang K,Gu G,Hu S, et al.Molten salt assistant synthesis of three-
dimensional cobalt doped graphitic carbon nitride for photocatalytic
N, fixation; Experiment and DFT simulation analysis[ J].Chemical
Engineering Journal ,2019,368 :896-904.

[26] Pi Y,Gao H,Cao Y,et al.Cobalt ferrite supported on carbon nitride
matrix  prepared using waste battery materials as a
peroxymonosulfate activator for the degradation of levofloxacin
hydrochloride [ J ]. Chemical Engineering Journal, 2020, 379
(C) :122377.

[27] Xie M, Tang J,Kong L, et al.Cobalt doped g-C5N, activation of per-
oxymonosulfate for monochlorophenols degradation [ J ]. Chemical
Engineering Journal ,2019,360( C) ;1213-1222.

[28] Hao R,Wang G,Jiang C,et al.In situ hydrothermal synthesis of g-
C;N,/TiO, heterojunction photocatalysts with high specific surface
area for Rhodamine B degradation [ J ]. Applied Surface Science,
2017,411:400-410.

[29] Wenda Oh, Zhili D, Teikthye L. Generation of sulfate radical
through heterogeneous catalysis for organic contaminants removal ;
Current development, challenges and prospects [ J ]. Applied
Catalysis B:Environmental ,2016,194.169-201.

[30] Chen M, Wang N, Zhu L. Single-atom dispersed Co-N-C; A novel
adsorption-catalysis bifunctional material for rapid removing bisphe-
nol A[ J].Catalysis Today,2020,348187-193.

[31] Hu X,Zhang H,Sun Z.Adsorption of low concentration ceftazidime
from aqueous solutions using impregnated activated carbon
promoted by ITron, Copper and Aluminum|[ J].Applied Surface Sci-
ence,2017,392.332-341.1



