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Abstract: To elucidate the interaction mechanisms between iron-manganese minerals and antibiotics/antibiotic resistance genes (ARGs),
enhance the understanding of their environmental degradation behaviors, and advance remediation technologies, this study
systematically investigates the multifaceted degradation mechanisms of antibiotics by iron-manganese minerals. The mechanisms are
explored through the following pathways: synergistic catalysis through surface Brensted acid sites, Lewis acid sites, and hydroxyl groups
promoting antibiotic hydrolysis; semiconductor-mediated photocatalytic degradation via electron-hole pair generation; direct oxidation
by redox-active components such as Fe(I11)/Mn(IV) coupled with activation of persulfate/hydrogen peroxide to yield reactive species for
complete mineralization; concomitant radical-induced damage to ARGs through phosphodiester bond cleavage and base pair destruction,
effectively inhibiting their horizontal transfer and evolution. The practical efficacy of iron-manganese minerals has been demonstrated in
diverse environmental matrices including soils, aquatic systems, sludge, and livestock manure, with degradation efficiency dynamically
regulated by pH, organic matter content, co-existing ions, and moisture conditions. Future research should prioritize establishing
integrated databases mapping antibiotic-ARG co-degradation pathways and toxicity profiles, developing in situ dynamic characterization
techniques for mineral interface reactions, engineering environment-adaptive mineral- based composite materials.
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Fig.1 Schematic diagram of the hydrolysis, photocatalytic, oxidative degradation of antibiotics and the resistance gene degradation

mediated by iron-manganese minerals
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Table 1 The degradation efficiency and mechanisms of antibiotics and ARGs in the environment mediated by iron-manganese minerals
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RIRERN W) Mn(III)/Mn(IV) By A ERA 0.0066~0.3845h ' paSuiid [47]

H,0:Mn0,=85Mn0,, 12g/L, 0.048d '
H,0:Mn0,=62Mn0,, 16g/L, 0.056d '
Y-MnO, ¥-MnO, i i F 2 e itk H,0:Mn0,=49MnO,, 21g/L, 0.063d ' ERLIVY [65]
H,0:Mn0,=30MnO,, 34g/L, 0.085d '
H,0:Mn0,=4Mn0O,, 260g/L, 0.429d '
KR Mn(IV)/Mn(I1I) KFERI A Ftb 8mmol/L, KENERH", 10d PEAEH 61.8% A [66]
pH 4.5, 0.334min”'
pH 5.5,0.302min""
pH 6.5, 0.057min”"

KRS Mn(IV)/Mn(III) fiflie — FRmE I Eavia o ESSLiIv(T [6]
pH 7.5, 0.023min
pH 4.5, 0.01mol/L NaCl, 0.188min "'
pH 4.5, 0.10mol/L NaCl, 0.171min”"
KGR Mn(IV)/Mn(I1I) VIR 2 EaNa pH 3.77, MnO,, 50g/L, 37.5h™" A [46]
EX/EREA Mn(I1)/Mn(I11)/Mn(IV) SR b 48h BRI 79% iR [67]
0-MnO, «OH. 0,” Tl P W St R s 0.0250min"' Be3eaiid [68]

Mn;0,~y-MnOOH 0, 1 h* PRI KA 0.0720min"" JasEaiid [69]
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T A AR PUA B R A A R
W 38 3 5 e I Ak B R D A A 0 5 A RN B A P o
B B AR TR PR LR A B it A P 2 R L
EVG IR /KA FEH I Fes Fe(Il)s Fe(l)& %
AGRs i “F JEBEK 0.038~0.743 AN Er 2%, Hob Fe(Il)
Xt AGRs I U8 VE FH 986 b W S5t Zhang 250U 1 % 2%
PRAH IS FEAS INRE R ,ARGs ' ermF I tetM &
B mefA 5§ /D Mantel £% F1 Procrustes 73
M1 578, ARGs 51 A= W0 V& 5 S 3 1 AR OC, DR e
BT R BRI R R ARG - ARGs [y
i&.Chen 5PV BILER T BRI 250mg/L k4
TR, AN R 4 MBI TR
FEAIR T N T 31%. 440 — Je 8 in A
A DA RRACAS 2 55 DR A 1) S = B, AT FAIX ARGs
A 3 XU, >0 2 46 25 O I BRI & s A
PRARR B K At P IR B F FE 3R /1 37.39%~75.86%,
VUIR K (tetAd « tetG tetH . tet]) FIE 3 BE 4 R
(aph(3)~ aph(6))ARGs 5t 2=V Uk, Tt e B S (sul 1«
sul2) T IRE N 74.41%~96.55%. HE ™ — J7 1 hin i
PRAUR K IR R = 4t ARGs /KR FETE,
Iy —J7 TR BR T 40 e 1 56 vk o ek 55 1 Pk &
PUIE B 1) BT A SRR YERT N ARGs T
P AT A 32 B2 e, R Y T AGRs F#
B S IREE T ARGs T4k T 2B AT 5%

3 EMMERMMEREFROETERR

BRER R 11 45 K T T DA R B AE A IS
B 2 IR BT DN 2 AT R g T NUR. pH . 3
1742 J8 B A 7K B0 A 28 AR S RE TR 3 i, 5
7R T N TE B
31 HHUR

AIUREAT EERIEE. I, Bt m fE
W, 5 BRER A 45 6 e o508 L AR A T H 7 S5
JR KR W4T 2R 2 10 B A AT N 1O AT WL AT LU g e
TR, N T AR W A ) A DR ) B
FEUY [ A LS Fe(ID) T B E & 40 7T F4AIG
Fe(I11)/Fe(IN4A b 14 JEL AT, 3 51 Fe(IT)/Fe (TN 3 id
NPT S R A AR BEpUE BT R A
MUTARAT AT BEH0 IR A0 4 P U 3 B AR R 1k
M ANFRE Y Fe(IDal, Fe(Il)3E 4 H,0,, MM
Ik /0 -OH (10 25y ), iy v 8 R g 3 85 v ) i

Fe(I1)/Fe(IIDJFFF, 3 m-OH 7= &4 e T wifivk &
BUAE g et e AR s v AR 2 (e e A 22O PR,
[Fi) B AR T] R Ay S HE e 7009 T B A 2R AR A 2
2 VRIS B0 5 L R R HEL T o 7 A ) ' o At
TR R A 2 it Jo RS R P, P 3 AN S bk
E ol o R A R R A 1| TR 1A
HI-OH. 1M Zhong £ ¥ VkAE W T 8§58 i /F MnO,
T AT AR R A L, pH7.0 I R A
(0.9643 V)% =T MnO,(0.8598 V) [ FEL A7, %} MnO, #
T e P ST s A e 47 T A .
3.2 pHI1H

pH E T = J5 T 5 AR 5 P A 1R %
FRAT A (1) BRER AT 4 3 T FELA, (BRI R P i );(2) Bk
AT A 2 T H i 2 T (W PR 83 (3) P AE A AE
FEZSVTCTT A i 9y 4 T Pl A A0 HR A 1) 5028 36 B A
BRI B RO A B 6 0 LA W S e R M IR BT T
BRARA W) 2R I 17 35 15 F Ao, Bk PR 5T o (0 1 T
AR, 810 5 AL T AR=FeOH, ™2 125 it 1AL TE
&=FeOH """ HiE F 5 TAEAR pH {4 T EBLH
BT T TR B W PU R ZR(TTC) I
HLfa (HsTTC ,pH < 3.3). H ¥ (H,TTC,3.3 < pH
< 7.68). —MUHLAF(HTTC ,7.68 < pH < 9.68)1k %
AFULAF(TTC pH > 9.68) 3 I pH {1 F, )i
=FeOH, " 5 th 4> T H, TTC 45 45 1 LE B At
M pH EHM N, TTC ¥4 HTTC 5 £ 11k
(K1=FeOH "> J& i FL A5 B S S P IR 2% 25 00, Ko it
R A R BE, Chen 25HF 57 & B, /K B ER T o) 42
VUFR 22 (CTC) I B fird a2 M1 Min( 11) R 808 b A5
pH AE T i 328 3 B ARG K BN B 1™ 32 T A 7 L A I
pH E R 7 1E FL AR S0 PR 35 B0 2% ) /K AN Wi i
Bee A A fR A AR R TR I VU PR R BE A8 pH
TE i S IS4 v BRI 1 A I e T AN TR B A
THOH %4 RN I HTTC 3 2 o, HL o
H,TTC, TTC* & P 5 5.
3.3 HHFET

A7 & B TR ER T ) S T P AR 2R R AR L
15 2 5. Cai PR B KL Na'y Ca®' il Mg™
BIBEAR T IRV B A B A, BH 28 1~ S BRI Vb AL 58
PR B A 2 T A A, A BH B R A
R SER T T B 7 5 B AR % 1 R i
BT Fe(ID) Mn(I). Zn(I) 544 £ R B A4
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KoM R %

45 %%

I BT A= 2850 T 1K S 82, 1T e 4 0 25 1 1A He
T Ry A SR [ R 5 4 R 3 K AR A 5 A
FarpAb ] i R i AR, 4 1 IR SR e A R S B
G VB MU 36 AR 2 B Fe(TID) £ 15 M 1 I 28
PUA ZE T8 B A R D B A6 A8 45 8, ATt
PE F I AR B AR T 2 BRI 5
B PR R AT PR N AH R TR N,
B 251 NO; 7E 6 IR 7= A2 25 N IR P4 ot S F
I 2 R 1 R b 28 5 1 2% 1 e,
3.4 BRERWIK T a

BRI 7K o RS B 25 5w S i AR R 1 B
iRl Li 2Oy R BESS y-MnO, Bt K 4y
KRB 2 EM(SMX) 7 T 5 y-MnO, 454,
T HL AR A O P IE AR Mn(IID AT Mn(ID %
JRCAR BB 7K 53 138 #8072 A2 R Min(ID) o] B il
“MnO,~Mn(I)-SMX” = JC & 54,301 7 SMX [yt
— D B R A S K R T R T T IR
P 485 58, 40 3 A A SR T A 2R K AR R P
Wu SEIFITt & BLK 23 A 1 i S K i
FEC ST A FH , B 5 I A 28 W 389 T, A ) e A S 5
FKAR SN S IS8 J 9, 2 S B AE 33%~76% |
A R E R B R Ko i D AR T S R
B BB W) 2R GG A 05,0 2 1) 1 R K 2 7 0 42
5 S8 R 50 PR W R0 A p, SR 2R K AR U B2 4
%U[&E@O]'

4 REHRE

BRARAT ) DR LA S () A 1 DA R E 1 B
SR 2, R T HA R K IR B A 3 R P ik R B A i
TEPUA 25 22 bR AR R RN 6 52 75 bk 2k Al
WAl K M Brensted /2. Lewis MR &4
AP F K B e A 7 BRI BT A R I
B At 38 i PR A e Y IR B T AR 2 AR A R AR AN
[FV R B A5 A s I, an S 2R L AT S X Bt
A2 28 R 5 DR P 3% A2t 280 e R B L A o 0
S EAN AR R pH (. AU B RS ED
W B At e A= 2 e R v e T A (R HE B %A
Wk — 20 R U R T M LA 7 [ AT VRN
B,

41 PUEFEMPUEENEGEZ M EME R0
G K R 9T AR IR P A AT A i — AN R HL

SR PRl AR ST B T XRERE PR
PUAZMPUE I D EAAAT DA 1) 40 S A i Sz 2k
BB T $87s JLAE RIS (R A HL.
4.2 PUER MRS A T B AR R AR 5T
AIRAN AL, e g P o TR) = W 1) 7 AR AR 2R i) g i
TF T R M AL RN TR T Ao A7 280k /> v e P v )
P A S R R R R P R SR
AU PR BAN (L HLOGBERIRIT 57 17).

4.3 HARpHAE. AHU. WAL XA P 1E T
YU R AGUIESE D BT ST T AL WL E
T T Ay YA RS b AR AR
IREREL WIRPSR . 5 R DL BOAET I 500 P E A
A e DT B A A T 0 TR S W0 S N S5 T 9, 156 D ¥ e A
Bife S IR AN BB,

4.4 PRI IRID R XA LB SORS 40 25 46 . = SEPU R
JRREASC S A8 HEL A A e g 3 e i 3, &5 & PR 1A
I RGBT AR LB DU B AT RS [N 1
R HLTI AT B At e A 0 2B AL R ) 5 1 B B
H 255, SEOUBR AL e AR 3E) N AT
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