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Abstract

Antibiotic pollution has become a major challenge in water environment management due to its envi-
ronmental persistence and ecological risks. Conventional water treatment methods suffer from limita-
tions such as low efficiency, high costs, or operational complexity. To address this, advanced oxidation
processes (AOPs) based on modified nanoscale zero-valent iron (nZVI)-activated persulfate have gar-
nered significant attention for their high degradation efficiency and environmentally friendly charac-
teristics. This review systematically summarizes the performance and mechanisms of sulfidized nZVI
(S-nZVI), biochar-supported nZVI (BC-nZVI), and their composite system (S-nZVI/BC) in antibiotic deg-
radation. Research indicates that S-nZVI enhances electron transfer efficiency and suppresses pas-
sivation through its surface FeS layer, while BC-nZV1 utilizes the porous structure and functional groups
of biochar to disperse nZVI particles and promote Fe3*/FeZ* cycling. Notably, the S-nZVI/BC system
demonstrates the most outstanding synergistic effect, achieving a degradation rate of 97.45% for ciprof-
loxacin (CIP), attributed to the combined optimization of radical generation and utilization through
biochar adsorption and the catalytic activity of the sulfidized layer. Additionally, reaction conditions
significantly influence degradation efficiency, whereas coexisting anions and humic acid may inhibit
the process by quenching radicals or competing for adsorption. Future research should focus on mate-
rial synthesis optimization, adaptability to complex water matrices, and engineering applications to
facilitate the large-scale implementation of this technology in practical wastewater treatment. These
findings provide a crucial theoretical foundation for developing efficient and low-cost antibiotic pollu-
tion control technologies.
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FNBIE LA A o L rp e TR B S el AR P A L v B P AT R A K P 2 3 1T DS R oo 280 A A M B A 5 LD,
H pH &G R B RA7]. TR RER SRS A B AR A, a8 4 v e DR 3 T v A AR
M7 Z N H[8], BATESIRE . AT NS & k5 PSS 0 . A RBOX LR G, PR BN BRMZVI)
DRI L pa i JE PR AN =2 B M 7 5 O R AR AR, I Fe® AT [ IV AL I B R R HE A2 HE Fe¥*/Fe JER[9], 4RTMT
nZVI1 BA 5%, Rk B xR pH JEEA . ik, &SR nZVI 8050 AR K77
AR IHATIAL, I = I REVER, AT Dodi B A SRS TR AT R 0 R B R, ]
PAMEAF nZVI B3R 1) 45 21 23 o 1K L8 SR AN O 1 A% G0 V0 <6 0 A PO P 5 XU i it 3 s aed p ) 2k
RLSEILT AL ARFEMI A K AR TR, S T AR R T R 3 4.

2. Kt nZVI FEUTHREREERINE R
2.1. S-nZVI BT REREL LR In E &=

B A B P 9K AN R (S-nZ VIR Dy — b s 8 A it 8 6 335 A7) 0 4 SR AE 22 B /K HR o LTS e 75 T
ZENTIZ RVEL10] [11]e B it gk AN BRI S BRAL R E AN AT LB AR A5
BEJ7, IEREA 2B (BRI Bk, AT . 35 38 5 o B R R VR AR o Li SR 24R 4 LR AE R I,
LB AR 22 00 8 RO R R SOy, - F1-OH MIfERT, AT FeS M, 5 3500 Ak SO oK 2 254 Bk (S-
mFe®) L & et mFe® FLA 5 (1) HE T4 3 8 71 LA B S-mFe® (WL P /R FH AT PMS JK AR, — 3 L [H
1, 1415 S-mFe iGAL IS MR L AE 15 208 N 22 BR 89.8% IR i H B I (SMIX) e Yu Z5[ 1310 7T T B Ak etk
PR BN BR(S-nZ VTG L B ER 35 (PDS) P4 il SMX (3L ALHLH], RILEAE RN AT, SMX [1F%
Gy — 2z 12, HEFRHEE kobs A 0.1176 min~'. [FIRHRYE R ALK K BLSO;, - F1-OH L[S 5
SMX FEff, Ff HiGC AR LUEHE Fed/Fe LAk, MiMEm 7 SMX FIFLE 2R, thot, Wu %
[14]1HF5T T S-nZVI/PDS RGN A H & (CAP)WERR, KIHAE A SOV %14 N R E-OH #1 SO, - 1k
F, AT LAFE 30 238 N 13 CAP Rk 98.8%. Zeng 251511 ] S-nZVI i% 1k PDS F#fi# H A (MNZ),
ROUATAE S AL S N 46 R Se Bl 58 4 £ B, IBIR-OH. SO, -« O - A 10, PUFE M Ap 7%, Hrh-OH i
FEIER

2.2. BC-nZVI jE{L 3 REEEh LRI &

AR IR N BR(BC-nZVD)E G P RME i B 3k 1) s B80S 4 77, 38 3 b [0 5 B A i A0 A T n]
DA Z PR LTS B B AR AR [ 16 X AR AR UL T 92K ANk 5 B 3R 00 e /i, 38w DAad it A= 4
IR I B FLBR S MR R I B Re 1AL 7 58 VG 7 i, RIS B A (K A LR SR A (Fe® > Fe?t —Fe* ) R4k
TR E, AT LUE R E PR SR R, 7673 pH YEFE A X & 2H WLTS S R I AL 5 1)
FEARIERE . Xue ZF[17]1TF R T Mk e MR U GIK AN BR(WSBC-nZVI) RGN 5 5 ~F-(CBZ) 1 B il
LA R 91% PR, HHLBERT TR, WSBC-nZVI it Fe® {8 B K FeX WLt Bime 2k, A
SO, - it —H W5 H,0 [ N 4:-OH, &K T '0,, HAE CBZ FEfiEHE BN . HAMNEIL, WSBC
AN T nZVI A, HREREMBEE %S 587, (it Fe/Fe AL, 4Rt
PEIR . Yang SE[ 18] Ft T ARG XS K EREFTAEM R 5130 nZVI R, 1000°C #A @i % 1) nZVI-BC Xf +
572 2 (OTC) M B R =ik 98.34%, HARSFVEREVR T 5 T FeOs #AEMIIR 56 418 [ N Fe® #l Fe-C &4,
LEI Fel & 8IA 62.98%. L Fe*/FeX A FS 7 4E, RN O @it B4 A EK 10 H5H I nZVI i
HANE, AR BERGE R, wE T AR RN, s e AR A s, 1A TR
368 S, ML R, Shao Z5[19]3RIE 1) nFe”/BC-PDS R 4% IR K (TC)MIBEARZE AN 97.68%, IR
pH =5 i} SO; - &2 2| 3 FAEH .
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2.3. S-nZVI/BC WS RS i E &

AW R A EERAC DK A BR(S-nZVIBCOYE N —Ff R BRR il A7) i &5 & AR R ) v L AR T
B EE B R SRR TN BRI R RGP, W] AU A LTS e (0 = AR [20]-[22] AP REAS
SRR T A GPAR TN D EAC R R 8, SE i GG B o 1 o e P, R A R B A SR A
TRESE M OB AL 5T, TR TR - EAL U R4 AL Xue S5[23]JF K T S-nZVI/BC &
BB SN2 T X 3 T 2D B (CTP) Y B i SR i 97.45% » ARFEA B RAL W, BRAL AL BRI 1 T
FeS/FeS, (&4 /=, W LLRZEHNH] nZVI MM BEL, R4 T 0,-. SO, - -OH BLK 'O, PUAEEY)
it LR IR AR (600 °C Ot mT ABE AP ¢ 7 A 2 & I SLASHIAT C=0. —OH 23R F RE, AT 9i5 4
W B AN AL S MBS 1 78 R i VEA Al R RME AR R, BALE BRI T Fer AR,
BT LI FeS JRIEdt i 75648, IR R 7158 nZVI/PS G5 Bk B 134 52 BRLIK R 39 i) R

2.4. B¢ nZVI FERHIBESE

HRAE AR MZRIE K I S-nZVI. BC-nZVI M S-nZVIBC 7EI5 Y b fift 7 AR DL H AR 57 o AL R R
T O R £h 7 SO, - M-OH S5 VE S MR Sl R RO (e 1 PoR) e =& BOFEIR GAE T
Byay DLRI A Fel (i i MR A5 38 RE /7, Jid FeX/FeX MG kil SR, BATES I FIVERE FAF
FERFEFER: S-nZVI Ml RIRALTEEL FeS |2, $2m BT BCERMGTai L aE 71, (HPPKRBRLA) 5 4]
% BC-nzZVI M AR K2 LA AR T E REH 2B nZ VI, 39z sE vE, (HH &R THE R,
S-nZVI/BC W& & T AR EY R GO E S, BEld FeS R THA, XAIHA 5
e U R AR AN 5 B REBIIR AL TE 2V AL AL, R R R . SR & S, S-nZVI/BC JRILH
MFEITERE, HoEd PRI SEIVEREAL, A B AL B 5 A2 21 S5 XE PR A5 e 58 B AR A ade 6
Table 1. Degradation of antibiotics by persulfate activated with modified nanoscale zero-valent iron
F 1. AR ENHKBEN I REREL PRI E R

fEALT)  EARER R V54 SN2 i e 5 YA 225 3R
S-mFe®=0.15 g/L, PMS = 0.3

_ 0 0, 5 L.
S-mF¢ PMS SMX mM, SMX = 5 mg/L, pH = 3 89.8% (15 min) SO, -, -OH [12]
S-nZVI=2.5mM, PDS = 0.5 mM, . . .
SnzZVI  PDS  SMX SMX 10 mg/L, pH = 5 97.5% (15 min) SO, -, ‘OH [13]
Smzvi DS cap  SMZVI=OT@LPDS=3mM, - gg 0o (15 niny SO, -, ‘OH [14]

CAP =20 mg/L pH = 6.86
SnZVI=1.5g/L, PDS = 1.5 mM,
MNZ =20 mg/L
pH=6.4,PDS=1mM,
WSBC-nZVI = 0.5 g/L, CBZ = 10 mg/L
PDS = | mM, nZVI-BC = 0.1 g/L,
OTC = 600 mg/L
pH=5.0,PDS=1mM,
nFe’BC = 0.4 g/L, TC = 100 mg/L
S-nZVI/BC = 0.6 g/L,

PDS =2 mM, CIP =10 mg/L

S-nZVl PDS MNZ 99.7% (30 min) ‘OH, SO;-,'02, 0,  [15]

WSBC-nzVl PDS  CBZ 91% (30 min) 'Oz, -OH, SO,-, O, [17]
nZVI-BC  PDS  OTC 98.34% (5 h) SO, -, “OH, '0: [18]
nFe/BC  PDS  TC 97.68% (45 min) SO, -, -OH [19]

S-nZVI/BC PDS  CIP 97.45% (90 min) O, -, SO, -,-OH,'0x  [23]

3. ¥WExR
3.1. REz&H
WEFERM], AN &S G B R R A AL B 5 AR M2 . Shao S5[19]A8L24 nFe”/BC M

DOI: 10.12677/aep.2025.158125 1131 LR AT U


https://doi.org/10.12677/aep.2025.158125

S5 AL

0.05g/L #% 0.4 g/L I}, TC FEIERCRIRTt 44.27%, X455 TImVEAL 55 BOE 3 e i3k SO, - £ i (Hgd
0.5 g/L JERCE TN, JETmkE SO, - KA HEKIN . FANIHGAE AR R PG BIHGIE: Xue 25[17]
RIL WSBC-nZVI 1 R 1E 0.6 g/L Wk B AERUR, S EHRMKG 2 33 Fe? W K HHEE; Yang 5[ 18]
SRS nZVI-BC WAFLETE AL SEARLSL. ERERERE, Zeng F[15]%T S-nZVI [ 78 2 HAA]
U, 7E 0.5~2.0 g/L Y I BE MR 2R RR R T, X VA DR Tk 2 IR Ry FE AR B AL AT 2% F B A
{EEE 2.0 g/L B2 RBRL B SERCR T, FEZ T, Wu ZE[14)R P CAP FEMRAE 0.1 g/L S-nZVI
RIGAWEAR , B 77 4R (0.2 /L) S B3 2 5 BB 30%, 18 R [T Gt 43 1 45 R ek AR A 7505 o e P AUk
PEAFAEZE R

T I it 8 2k VA B 65 e A e ) s el R LB Y (V) S T JE B e 3, HAZOHLIAE T B AR il
K ENAS AT . Shao Z5[19]7E nFe’BC Gt PDS [%fif TC MBF A+ RGN 71X —HifE: 24 PDS/TC
FEIREEAN 1:1 392 5:1 1, SO, - A= s IAE PR RS TE 16.96%, (HARSEEm % 20:1 i, & PDS
SIEI BRI I NIRRT E AL, SERCR R, BB, Li Z[12]K 81 PMS IR 1.0 mM i,
SMX BfifAk 2 SPOS AR R LR RBHIK, 1X 5 Wu Z5[14] W2 1) CAP F#f#(E 10 mM PDS I &l
T ] R B S — B

15 GG VA B0 [ A A0 e i) s ) S B35 () SR DG, AR OMLIRIAE TiE AR R 575 G o0+ 1)
EEA K45 . Shao Z5[19]7E nFe"/BC 54 PDS F&f# TC MIBEFEH KL, 24 TC WM 25 mg/L 5% 150 mg/L
i, B PDS #AINEEE N 1 mM, (HEAG 351 T3R50 SO, - B E b, FEEFRAEM 95.52%
BRFEZ 70.59%, XAFEHME—G B ) E A RV FE S RS2 1 AR R o BB RAE HoAb Ak R
WIAFLE, 1 Xue Z5[17)R B CBZ W EHE NN 10 55 B AR SR T 4 76%.

YIUE pH ENHS e B R i I35 1) pH & RN, A O HUHIE T pH WS TR A ik
EiaE X 12 . Shao Z5[19]7F nFe¥BC itk PDS [Ffi# TC HIWF 7 R INAE pH 1 = 5.0 I BRfERCR
ISFNIE(E 97.68%, BLET Fe Vs th g% 5 SO, - AL Rk BIBhAF; 4 pH AR 2.0 B, & H EEEK
SO, - FEHCERIEE 39.65%, TIHHHEZ(pH 1 > 9) Kl Fe(OH)s YUHE i AL S8 D o SRS A HoAth
SCHR AR A B, U Yang 25181 & B nZVI-BC/PDS REi/EH 1 pH R S A, 1M Li Z5[12]4R1E S-mFe®/PMS
7€ pH fH =3~10.5 fREFE EETE, (HiRik(pH = 10.5){/3f# SMX %R FE0H 79.5%.

3.2. SNMEEE

LA B 70T B R AR 1 RE e 2 025 1 56 4 — O], HHIRIR SR 2 F-(HCO; - )i il {E
& A5 . Shao Z5[19]7E nFe’’/BC-PDS & & H W5 K3, HCO; - 5 SO, - BN IE 5 Bk 1.6 %
100 M 's™, AT 20 SE W #E 3 A48 BARIS PE ) CO; - A HCOs-, 3 TC BEARACRBEAR 37%, IX b
YERIET CO; - RIS AL B K T SOy - o b4k, Yu Z5[18]0 825 HPO, ™l it 5 IHLHIHMH] SMX [/,
EHFNES T HCO; - » 1M Li ZE[12]M & SO, it 5 Fe*JK i FeSO; 4% & Wil B AR i L im 1k . (B
HERME, Wu Z5[14]R3E1 CO; RULH MR TR, MIREEILR] 50 mM i, 3 pH i {ERE R4A L
W ALK 0.35 V, I i oo B B PR B 17 < B AR K E 2 A Oy XS A B T R B
bo. ixeezE R Uiy, HAEE TR AR T H S B R R BEN:, &5 8 PR G R,
pH VI ) Sk SRR VIR G

JEFERR (HA) R G B2 fie 250 22 (1) S Me) 52 30002 2 RO B — DHReXCEE RS, HAR ML IR T HA HI4L
22U o SIS SAE I [ E F - Shao 25 [19]7E nFe"/BC &1k PDS &/ TC IR 7L h & B, IR HA (1~10
mg/L) 218 i R O@ AR B R — 7T HA R ERIE(C=OE AR 1324, 580, - RAEF KRB 7
—Ji T HA 53 T2 8 7% nFe® BRR T 70% A EREPEAL AL, S8 TC FEMAEBCEEFFK 40%. 528 b
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LA, Xue %5[17]7E WSBC-nZ VI JE/PDS 14 & W52 21| =ik B HA (50 mg/L)FIRiEERH, HA 71+
1) B 22 1 0 A I JE ARG IR R 205 4 PDS, i SO - P38 TF 2.3 fi5, CBZ FRARIERILE 57%. XU il
B, HA XFREMRSCR s A5 _F e HE fe A 2R v 5 PR 858 58 I AH ELAE FH (1) Bh 7 P 1l 45

4. B E5RE
4.1. &5

ARLER RGEIRDT T nZVI i TR SR B K i R RE S HLE], 878 T S-nZVIL BC-nZVI K&
3 S-nZVIBC TEV5 YD Rfd 0 [FIE R . SRI02s SR, =Rttt nZVI ¥fE m A0S ALl s
724 SO, - fI-OH Zih A MFh, Hh S-nZVI/BC JEHLH B F L PERE, HXF CIP BRIk
97.45%, XIFHE T AV R B GBS FIXCEYNFERN : VIR 2 FLEAUCEBANH] T nZVI Fik
IR, I B ARG F) BA BRI 88, A B TSt Ak 2 00 AR s A AN Y mT LA
PE AR TR RS N I, BT DL IR nZVI 5K B, e IS . [N &AL
WHALR, MHEAFFINE . I BRER EhVR A pH B 55 &R N S A 0] B Al sk e B R o, A OoLH|
TE TR A B 5 VK B A T4, 24 pH . =5.0 I, nFe”/BC-PDS & &%} TC B MR w1k 97.68%,
IEET Fe? A i 2 5 SO, - AR BUA B IR . thAh, MM 2 iR, AR & 7t [ i
PERAE PRI REMA, 1 HA )2 IR AR, R S I R 52 4 W B PR A%, v AR B 00 T e e o i
BN SV AN FAFFA R T SRS . X R IASE nZVE MOEH BT 5 SEBR K AL B R A S it 1 E 2
(RS AR A AR S

4.2. RE

JRAE M nZVI A B R B I RAF R PUA R BARE 71, ARRWE TS 7 45 LR J7 AR AR
R WG, WIFRERGHEIIM RS BT LAY FeS 45 5 MR A SR OC R, ol st
T il B AR AL B B AR RS T B, 0 — DR T A AR R R AR BRI XU K, R R
IR EAE N IR RS E MEW T, R S X SEB K h S A7 A IO B )« A LSRR 2 < J 4 T IR e
MM EAR - LR - @R e SN2 R MIRITT R . IR, AR AR
ARIE7s S TR R AR 5 B SRR I S Eh A, IR AR EE T LS 2 ST A S B - BRI
AR, ARSI T, BT A 58 PR B S Mg i 5 T2, MR ORGORABHAISC A X SR T
HEBIZHAR SIS SE LR T, KB A RTT RA2 R AL R SR s 5.

EE&HE

RS K S WE A BRI H (YKICX2420622); 5 R RHE K28 KA I 2411 %30 H
(2025089).
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