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Abstract: The persulfate-based advanced oxidation technology for antibiotic-containing wastewater treatment has become a current
research hotspot in water treatment. Carbon-based materials have been used as green materials for activating persulfate due to their
chemical stability and absence of secondary pollution. However, the catalytic activity of undoped or modified carbon materials is
limited. This paper reviews strategies to enhance the catalytic performance of carbon materials, including non-metallic doping, metal
doping, and carbon-based composites, and summarizes the new active sites formed by these strategies, as well as the connection
between the types of active species produced by activated persulfate. In conjunction with the existing studies on the degradation of
antibiotics by activated persulfate in carbon-based materials, the mechanisms of activation of persulfate by carbon-based materials
(including free radicals, single-linear oxygen, electron transfer, and high-valent metal-oxygen species), and the methods to identify
and determine the active species are concluded. Finally, the susceptible oxidation sites of tetracyclines, sulfonamides, and
fluoroquinolones antibiotics, their linkages with active species, as well as the application of this technology in treating
antibiotic-containing waters. These results can provide a reference for the development of carbon-based catalysts with high catalytic
performance and stability, and their application to activated persulfate systems for efficient antibiotic degradation.
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Table 1 Preparation of non—metal doped carbon materials and their performance in activating PS—degraded antibiotics

BRILHE il vk AL Wb VA Mk fE(%) B0k
MRz BRI U AN — SR, E Ny . [fEAL A= 0.1g/L, [PMS]= 0.5mmol/L, [SMX]= )
N B4R 30min,95 21
. SRR AR B 2h AR 10mg/L. min [21]
N B AR5 4 1= 0.4g/L, [PMS]= 2mmol/L, [ #¥} A ]=
HEHEE Ny U0 F,500 C R 1.5h bﬂﬁmim A= 0.4¢/L, [PMS]=2mmol/L, [FUR ] 60min, 100 [22]
) 40mg/L.
b  O-gGN. gk [f#E4L 7= 0.4g/L, [PMS]= 0.8mmol/L, [SMX]= )
0 R,4E 550 CHBEE 1h 240min,93.5 23
RE. BAwmE feike e 0.04mmol/L, pH= 3, [#fkJE]= 25 C. mn [23]
WETYE. FHIR,E Ar U T ,400 C ! Ak 71]= 1.5g/L, [PMS]= 2mmol/L, [SMX]= 20mg/L,
P TLTYE. FEFR ?'j‘:‘ r AR P e [fEAEF=1.5¢/L, [ ]‘ mmo w[ = 20mg/ 5mino0 4]
JEE 2h pH=5.5, [#fL%]=25 C.
ANEREFE . IR, Th,7E N, U [fit4k77]= 0.1g/L, [PDS]= 1mmol/L, [SMX]= 20mg/L,
B B B2 Wk 120min,89 16
T 900 ‘CHiké 2h AR pH= 6.3, [ifLEF]= 25 °C. min L16]
[ 4L 71]= 0.80g/L, [PDS]= 6.0mmol/L, [#F % F]=
S k. g—C3N,, #75 8h S B g-C3N, 100min,91 25
Bl g-CaNa 875 Bk e CNs 0.03mmol/L, pH=7.5, [#Lfif] =25 C. min (23]
Bk JEAKRIATHELAE N ST, 700 N/S 3682%  [i4L 1= 0.2¢/L, [PDS]= 5.0mmol/L, [TC] = 20mg/L, SOmin. 9.5 s
” CHE 2 &N, AR [ =25 C. min,94. [18]
AR L2 B8, 75 N AU 4L7]= 50mg/L, [PDS]= 3mmol/L, [ 1% %=
Likabiy PR, TE Ny SR NJS JLIB AR [ AL mg/L, [PDS] ‘ II‘1Tn0 [ 60min.95.9 [26]
1,900 C #uit 15mg/L, pH= 4.0, [IL/%]=25 C.
FRAY . IRE S IRTE N2 F 700 'C N/B 3452444 [k 77]= 0.2g/L, [PDS]= 1mmol/L, [TC]= 30mg/L, [ .
N/B - 180min,85.5 [20]
FAf# 1h R J¥]=25C.
FIEERE, LI RN, [f#4L77]= 0.1g/L, [PDS]= 0.18mmol/L, [/4FF % ]=
N/ N/O 524 = 10min,100 27
0 1 Ar U FHUR O S 10mg/L, i ]=25°C. mn (271
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Table 2 Preparation of metal-doped carbon materials and their performance in activating PS—degraded antibiotics

BRILHE il Tk HEAF] L EAE i Fiefit R (%) 27 30k
K38, AR IR A ORI i b (HEAL A= 0.05g/L. [PMS]= 1 2mmol/L
Cu  L:10HFEE AR 550 ‘CHYE 1h,950 'C - Cu BAVEDIHR o ’ ’ ’ 60min, 89.8 [30]
[SMX]= 15mg/L.
A 1h
MRS g-CaNg FITHRRER, 78 Ny U R, A e [f#4£70]= 0.1g/L, [PMS]= 0.4mmol/L, )
Fe 157404 20min,96.
FISELIE i 3h e BAA [SMX]= Smg/L. 0min,96.73 [38]
Fe  2-FRBEmKME, RHREE. ARIRYR. WL 1E 35 ,
Fe. N LB 4L 71]= 0.4g/L, [PDS]=0.1 1L,
C L EE 4h,7E No U5 F,900 CHAfR e N %‘ KL [HERAI=04g/L, [PDSI=0.15mmo 120min,90.5 [31]
h Tk [TC]= 40mg/L.
RERREG. 2-HIEBRIE . FHEE 00, TR, Co JRTHIESIE [fiEALFI]=0.08g/L, [PMS]=0.5mmol/L, [ .
Co ) . N 60min,100 [35]
76 Na 5,900 CHfi# 2h FeBRARE JIZWERE = 40mg/L.
Fe. C ik RHEREE. MRk, WEEL{E 35 °CF  Fe-CuN HBZ% [fE4LFI]= 0.4g/L, [PDS]= 0.3mmol/L, [TC]= 120min90.5 521
e. Cu 'min,90.
FREEPERE 4h7F Ny U T,900 CHVi# 2h - ZIFs AT R 40mg/L.
NON-Z LR . Sk, AR Xt
5 1]1= = =
Fe. Co R HIERIRAT,150 C/KHA 3h 3K75 A K44, FeCoNC HERCAII=0.3¢/L. [PMS]=2mmoliL, [TC] 30min,92 [37]
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Table 3 Preparation of carbon—based composites and their performance in activating PS—degraded antibiotics

TR il 4%y i WU RN 4 P PERE(%) 7530k
CEAEER THRREE. XK R, R LG beld . [#H4k7]= 0.2g/L, [PMS]= 1.63mmol/L, )
T+ 2 % B i
HAHE ZnFe.04C S ETHIHY L U IR 2 2 700 “CHi# Th [TC]= 40mg/L. 90min, 52 (411
THSEARSFF . L EER A HEHE 120,600 CH#AE 2h 3R154: [HEAL A= 03g/L, [PMS]= 0.33mmol/L
CoOOH/AEWHALEHMEL Wiwe K EM R AN IRAS A, I Ha0,,7E 50 C % mEoe ' ’ 20min,96 [42]
£ 5h [SMX]= 40mg/L.
Fe;0,@C/CDs-Ag #KE %8k Hy0, itHE 30min,7E 200 'C N /KUY 48h, [fE{L7]=0.2g/L, [PDS]= Smmol/L, [ %7 §0min. 100 s
Lrkbel BRIF N AgNOs; IF Th %]~ 16.7mg/L. i, [56]
W REARHEAE Ny U0 T ,400 CHIE 3h BRI K2k 5 5
S-nZVI/BC YIpERAE AR TE Ny Bk 20,88 )5 1% I NaBH, A= 0.4¢/L, [PDSI=1.0mmol/L, [ 125min,89.8 [57]

FiE — AR IR &

PV A= 10mg/L.

AR B 85 CHRAL 3h, 88 J5 IMABR RSN, 5 1=

FeSexix@C QKT 1K Yk Fe;04@C AR AMELH GBS Se Bk s,

7E Ho/Ar "5 F,360 C#i# 8h

[fi#t4L71]= 0.2g/L, [PMS]= 1.5mmol/L, [fif

v R 20min,100 [58]
Jf2 PR B IR E |= 20mg/L.
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biochar activated PDS via electron transfer mechanism!™®!
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Table 4 Application of carbon—based material activated PS for degradation of tetracycline antibiotics

[z i E VA R AR 0% (%) SR
Bk AEF=0.1g/L, = 0. , F]= ,
N. O 3Bk} e [fif5]= 0.1g/L [PDS‘] 0.18mmol/L, [PU3 Z]= 10mg/L | Omin. 100 271
o [fE]=25°C.
S 11— — — — =
5 TC. OTC. DTC [fE4L71]= 0.05¢/L, [PDS] 4.8mrr301/L, [TC]D [OTC]=[DTC] 4omins2. 60, §7 72
50mg/L, pH= 5.0, [#iJ%]=25°C.
W JE 41 vy i =0. =0. = =
l_J—";‘r—'(ﬂG{é,)ff-l e [f#E467]= 0.02¢/L, [PDS] (i;mmol/L, [TC]= 5Smg/L, pH 40mmin 95 73]
KA —— —— ' ‘
BRFE LI 1L 7= 0.2g/L, [PMS]= 0.65mmol/L [TC]= 10mg/L, [ )
TC . . 60min,98.69 [74]
g-C3N, JE1=25C
BARRRA AR A [fiAk71]= 3.0g/L, [PMS]= 3mmol/L, [TC]=[CTC]=[DTC]= 40min,92.42, 92.11.
TC. CTC. DTC [4]
B TR 20mg/L, pH=17. 91.49
WAL X1= — —
R SRR TC [f#4L71]= 0.2g/L, [PMS] (?.65‘1?1molm0, [CTC]= 50mg/L, 60min.90 5]
pH=5.45, [ /#]=25C.
kG e A1) [#4L71]= 0.2g/L, [PDS]= 5Smmol/L, [TC]= 60mg/L, pH = )
4 TC 495 120min,99.72; [76]
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WA PS AR A AEEEE A RS T — R
RS 25 FSEA N B0 B R A e A kg v e A, e s

WA CO, Al HyO.38 i DFT $F 5 a] BATRM TCs )
B AR e 4% KA i R BRI SR () 1 R JE(PO) RS
Wi(f YEAEFE B3R TCs M5 A 5. 00 BRI I
7 £ R RO 5. 45 A DA WA, 0, 5 5 Bidi TC 4%
TEER P HA = FE 017, 018, N19 Al C2 4745
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Table 5 Application of carbon—based material activated PS for degradation of sulfonamide antibiotics

[2Eak ik # JVAF FRAR (%) 2% ik
S L JE 4 HAY 1= = = W=
N ?}Aui;)fﬁﬂﬁm scp [f#4L7]= 0.2g/L, [PMS] 6‘5mwmol/L, [SCP]=20mg/L, [#)¥] 180min, 82 78]
K B B 25°C.
N B2 B SMX [#E4EFI]= 0.5g/L, [PMS]= 9.8mmol/1:, [SMX]= 10mg/L, pH = 3.4, > 40mino1.7 9]
[#E]=25C.
V5 URAT A AR SDZ [#4k 7= 1g/L, [PDS]= 2.2mmol/L, [SDZ]= 10mg/L. 4h,100 [80]
AR WY R SMX [fi4k57]= 0.05¢/L, [PDS]= 4mmol/L, [SMX]= 5mg/L. 90min,95 [81]
FRWIE A 0 SMX [#E4E71]= 0.2¢/L, [PDS]= 4.2mmol/L, [SMX]= 0.5mg/L. 75min,100 [82]
. 2 SMX [fitfk77]= 0.3g/L, [PDS]= O:OSmmol/L: [SMX]= 1.27mg/L, pH= | Smin. 100 (53]
7.0, [k E]=25 C.
== = = —
b b SMX [fi##4k51]= 0.1g/L, [PDS]= 0.5mmol/L, [SMX]= 0.5mg/L, pH="7.2, S0min1 2 (54

[ BE]=25 C.
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Fig.13 Molecular structure of CIP
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Table 6 Application of carbon—based material activated PS for degradation of fluoroquinolone antibiotics

AR bk R4k A B fift (%) S 30k
S B ﬁéﬂkjfgj):;f%wm CIP [fifk5]= 1g/L, [PDS]= 0.74mmol/L, [CIP]= 50mg/L. 60min,97 [86]
AR M g-C3N,y NOR [f#1L7]= 1g/L, [PMS]= 0.7mmol/L, [NOR]= 10mg/L. 120min,87 [87]
BBl R OFL [ 4k 71]=0.4¢/L, [PMS]= 2mmol/L, [NOR]= 40mg/L. 60min,100 [22]
A TR L S5 CIP [f#4L71]= 0.1g/L, [PDS]= 5Smmol/L, [CIP]= 80mg/L, pH= 7.04. 30min,100 [88]
BBF 5% Mt R akse 4 CIP. OFL. [fi#4k77]= 3g/L, [PDS]= 5mmol/L, [CIP]= [OFL]= [NOR]= 120min,88.87, (591
Yy NOR 50mg/L, [#iJE]=25 C. 95.88,91.2

3.4 JAbRBAER

WAL PS AR B- N IBLIZS . K IBESRPUE
MBS B> B- N B  IR R 5 %« e
I RPUE R B WL T B R AL AR,
T4 22 0 AT B S PG AR SR VU AR A SR 2R

JH SR A f 1S PR A8 KA A BT A R I PR
FIRAT LR 2R Bl A e S X SR PUA EF D,
BT PR I IRV EY IR PS PR N Il
TP R A RSN T H A AR S H #5214
BN BLRZ ISR P BRSSP 2 KR HIWF AT

RT7 HREMBLEL PS EBEMERERNEA

Table 7 Application of carbon—based material activated PS for degradation of other antibiotics

[U2zEak b R4 B AR (%) 2% Uk
FSEpuAR. SLAIBE {4k )= 1g/L, [PDS]= 2mmol/L, [P ZLP4AR]= [35 2 K 1= [kl )
By asiy —C»
FABIG B g CNy oo Ew B ] 10ppm. 25min,100 [90]
EX/Ip Fare eI ARHHER [#4L7]= 0.1g/L, [PDS]= 2.1mmol/L, [ %755 %]= 0.5mg/L. GEERS [91]
4 £5iE W, 7 BN AR 2B A, S Nt 2 55 %2 pH EL

ASSCHE R VA T BT IRAE R R AL 3 TR AR
S8 T SR, N L IH0T PS () 2 EE AL B 4 T
BRIER RS AL PS B LA: SR AL 55 Ja 204 1A
[Fi) T 0 25 3R 10 2 IR o, B 5 s MR R 2 T
KR B AR R E b S AR TR AL PS thk
DU O ABAT T3 SR TG PR AL AT A HIALR] . SRR B Ak
BN BL R e 58 A 3055 7 T 3R AT R AN
WF, ASEBL R k. SR BF AE B A R ROK

R 2 Bt o S O 1 R R RL I35 VA7
X UELT Al N R et A NE R A S P R e i IR B R
A 5 PS KR PG, LR 7 A3 R 2 m) B
1 AN 5 A T DS L, AT AR AN IR AN D R A
£ PS AL IERE R AR, AR R o S b
TR A R B, T2 31 ey RO A B A 3R

BRIERSRHEAL PS B, S B FE 227 A R

WPE S SATF B A DA 3R 0 IR B, A AR A0 B S B I
IKANGTAE 22 KR P, vl B AT A A TR A 5 PR v 2
BRFEMEAL 1, LAy /b PS A, [ I A2 R A e ek
I LR,

ENTITIVIE s -5 USRI ES S S SN 17 S T
WV S T A 2% (R B, X DI PR N Y e 22 1) B
N BN SRR A Y B ST 3% (BT AR X 2 I
VU BRFEA R AL PS N T B BP9 BEREZRATR
PN RS HTAE R IO IT, DU L s R 8 AR R
AL B K.

ERp e

(11 £ AL I HUERIEIRE PR R RIS ().
AR AR, 2006,(1):265-270.
Wang R, Liu T Z, Wang T. The fate of antibiotics in environment and
its ecotoxicology: A review [J]. Acta Ecologica Sinica, 2006,(1):
265-270.
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