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Abstract

The unique structural characteristics of tetracycline render it resistant to metabolic degradation in
organisms, leading to its accumulation in aquatic environments and posing a growing threat to both
ecosystems and human health. In this study, magnetic sludge biochar (MSB) was synthesized from
iron-rich sewage sludge to investigate its efficacy and mechanism in degrading tetracycline (TC) in
aqueous solutions. The physicochemical properties of MSB were characterized using Fourier-trans-
form infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). The effects of key
parameters—including pyrolysis temperature, MSB dosage, persulfate concentration, solution pH,
and coexisting ions—on tetracycline degradation were systematically evaluated. Characterization
revealed that MSB900 (pyrolyzed at 900°C) exhibited abundant oxygen-containing functional groups
and iron species, although their concentrations decreased significantly after pyrolysis. Under opti-
mal conditions (pyrolysis temperature: 900°C, MSB dosage: 1.33 g/L, persulfate concentration: 10
mmol/L, pH 3), the degradation efficiency of TC reached 94.07%. Furthermore, common anions (CI,
HCO0;™, S0,%7) exhibited negligible effects on degradation, whereas cationic species (Ca®*, K*, Mg?*,
Na*) slightly inhibited the process. Mechanistic studies indicated that TC degradation involved
the redox cycling of Fe?*/Fe** and the synergistic action of sulfate radical (S0,-") and hydroxyl
radicals (-OH). These findings demonstrate that iron-laden sludge-derived magnetic biochar
serves as an efficient and sustainable persulfate activator for the remediation of TC-contaminated
wastewater.
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1. 51§

AR, HTPAERMPUEGIT SR B E M) 2 H1]. ., DU E (tetracycline, TC)A&—F M
FER A I IRBAR P AE BN TA BT AE R, BIHARER A A0 35 (A A SO0 S 2 B T &4
B[ 2]-[5]. TC IR E M AL G AT AF AN M CATH AL FFIRI TC, DRI ey J57 2 i R 3t (5 3k N\
KA, KEIRR, 7EKHE TC XM AR RG24 T P E 2 W[6]-[8]. HHILTT I, ey i R4 P fif
KA TC B X E K.

= A M HAR (Advanced oxidation processes, AOPs) & — i F 8 570, T KK+ TC HIE=[9].
Hoig o mm A iE 2 Bl W MR Z R — P E AR, BABRIERE R FEAEMIR.
ZTEAAT KSR A[10] [11]. FEm PERe AR EE I B IMERTS, 72 A B s A I ) Bt
FRAR L DL R R 2 | i 2, AR B A TC B9 H I[12] [13]. HIE)E & @ s A B ig S48 FH A
w HEVEEEGR A, KT TC MARERCR[14] [15]. Bk, TFA—FMERBA H sk L ik
EWAEEG . —. BT, BHUESE[ 6 R, FREMMBFRAE MR, & H =fMEYxR, H¥
FORE i — R B P AR KR ) TC, W74 R B RIX =M A R BA M rEerEee . 3 Rk
(1710 FH SO 25 R AR A Vi A B IR 358 25 ok SRR TC, SI2 T &5 IR 38 B etk A= Wy B AR e () Bk P e
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SEPL T XK ERER TC BIRRLZ R LA, HENAR A S ks Y d A A mE 1 A o vl e e — Fh & F s i HL
IRIGEATIARL, T35 4 Jd B R R B K HH 1) TC

A FE LR T M T 5 T I K A3 () 2 v Ve D SR & ek AR ) i (MISB900) ) FH 8 EEL 21
HMEEE(FTIR), X S8 H T REREAU(XPS)FR 7T R ML HT J& MSB900 FERA 4 5T s 7L 1 AL I, MSB900
Boni, SBREREVIGIRE, W pH, A7 B 2% MSB900 Vb I BRER Sh MK W TC HIREm, FE15
B 7 MSB900 JE AL iR #h B /K v TC AL, AHIEFE AT TC KK BRI HLEIR KT .

2. XBMREREE
2.1. SCERAARLHHIE R RAE

2.1.1. BiEEREYREEIE

e RAR B 2 BEE M i BTG A B TR S R BT RN, R AN E
b, Ry Ny AR E IS, LA SC/min FTHEE R THE, AR 5> 58 E N 300°C,
500°C, 700°C, 900°C VUM FIIRLEE, ¥ &0 5 W 20 th O SR Gl 14, Ak S R R i, BET
AEEHIEE, 1100 Hif, 75 300URER RS <0.15 mm RIRATESJRAEMR, 153 HlbRid 3 MSB300,
MSB500, MSB700, MSB900,

2.1.2. MRIFRIE

) A8 BLIH- 2T 8 61 A (FTIR -850, RS RIS [F B #e HIRI 46K, b vl 8 5 S N B S5 FF
i R E BE R R AN AR B B R . ONERT S BRI AR A XS 28 0% FE FREIE AU (AXIS Nova, L
HY AT
2.2. PEfRSCIG

TEZEWRFM T, T 500 mL 2 EHEAT ML . IR B 0H 2 1) 5256 7 AT AN A DR 2 0 s 56 1) 5
M. 43 AIFREL 0.3 g300°C. 500°C. 700°C. 900°C MSB, fIA 10 mg/L TC #1 10 mmol/L i #ifR 2L, FF
IIANZEZKZ 300 mL, $HERERT e A — RS 2 ORI 0.45 pm TlALIEIR 2 5 mL (E.OE T, B
0 I ZIRE ST AT S8, MUFARC IR ORAF o« IUSERE ah S R RT3 R 28 EAT B R, 530 700 rpm,  $i
BHAEA The Th BEEEEEH G IEUE. KIRGEEEE T MSBO00 BN (/3 %N 0.67+ 0.83. 1. 1.17. 1.33 g/L).
R Eh W UEIRE (4. 6+ 8+ 10+ 12mmol/L). ¥ pH {E(pH 73518 3+ 4. 5. 7. 9. 11). LFE F(Ca?
+ClI. K"+ CI'w Mg* +CI. Na'+ClI. Na*+HCOs". Na"+ SO2)%f 7Kt TC B 15 .

2.3. SHTALK
SKFHERAE - T W3 S BEVE I 58 AN ] S S B 221 SR i 1) TC IREE, S RIS 359 nme %572
MIFREIZE 728 y = 0.031 x x +0.0009, K FREL R>=0.9987. 7/KH TC L% n(%) it A= (1):

n(%)=ﬁx100 (1)

0

XA, Co N TC FEME 0 B Z1HKE (mg/L), CoA 1 h B TC FIKR B (mg/L).
3. ZR5V
3.1. REE R

RACTRIENS MSB & AL TR R #6163 B /K b TC sz 1 B d &l 1 Ao, AR EEX K A
TC LBRZA B, EVIMH %A 10 mg/L TC MR R, MSB X7KH TC 125 bk 26 b = A0 2
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T TR MR AR 900°C Y, BRI &, 2994 60.71%. RAIRE N 300°C. 500°C. 700°C
i, LR AN 34.64%. 38.27%. 52.41%.

IR TR, B R AL T =, MSB900 HH4Ek 47y A Bk (a-Fer04) I F M Bk (nZ V) #41k,
H MSB900 HIHEBAEMSs) A 30.05 emu/g [18], 1 nZVI 7EiGAL I R £h [ Af G HLTS Ged s T B A B3
DIEL[19], 0 Cao &8 N[20]iil & T 2 LK #UR B ANAK M E S BHZVI@PHC) H T is 4 1 Bl £ %
iR /K Ry, WA R IRAE s [ N AR, nZVI@PHC & Ak R 2h % 58 i 2B %95 99.7%. I,
3% 900°C ] (1) 4= W5 #4 BHMSBO00)VE 9 J5 4 TC FAARE I e S R Bk o
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Figure 1. Effect of pyrolysis temperature on the degradation of TC in MSB-persulfate system
1. RUWIRFEX MSB-1d iR 2 i Z A7k TC IS

3.2. EMEREMm

2 24 MSB900 #mE Xt FEff K TC szmags S, mEm AL, BEERIEMN 0.67 /L #nF] 1.33
g/L, MSB900 LFrHRMWAW T &, Sdfidt 1hjG, BINER 1.33 g/L i LERFEIAF] 94.07%. B AfiE
MSB900 f =& A 1.33 g/L.
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Figure 2. Effect of material dosage on the degradation of TC in MSB900-persulfate system
2. B MEXT MSBI00-id FRERE A R FEAR K & TC BYFZIE

FEPRFURACUR E IS 98 - AT R, MSB900 HH Ak TT 3R N RN FR A 1l A il RIS MSB900 L&
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IR B R SR VG AL PR T 2 VS TEAL A, PR AR SO4 F1-OH 3%, [RIESTH /K TC (1 B ARG B
Z TS SR, Yan SF[2110F 5 MR 71 3K EN K (MZVI@BC)TE I B R #1 15 i — & £ 44 (TCE) it
PRI, 2 nZVI@BC BOMEWNs— e /&N, TCE MEMRFIFGE T, X—IRPiELs Fe's
T ER SO KAEFRKNL, L8R SOy~5 SO~ IR LL it & 1) SO~ S5HAFH S20s2 2 [A] 23 K AR
RIZPNEo Rk, R4k88n MSBO00 # N, {15 TC LB BIA A, Mk — 5w AR .
o FREGER R B RO R0

P 3 AN A B e R VR B 6T MISBO00 P A /K H TC HIREM 25 S o i Bt iR b3k B AN 3% i ish, MSB900
XFTC ERRRE FIEs ., S RBREWRE N 4, 6, 8, 10, 12mmol/L I, EBE TN 60.56%- 69.31%-
78.38%- 91.73%- 94.07%. 43T AR R Eh K 2 <10 mmol/L iF, MSB900 i TC )25 [ 8 B Ik B 438 hn i 75
L BRER EL KA 12 mmol/L B, BEA R B Nt A A 48

TE— 78 W B R SRR BE VS R P, 38000 ARt A 5 2 B I B 1 6 e 78 i 1 2R R 8 1) MR AR
H2E(SO, MI-OH), MIfIHER TC FIREMRE; 14 RS =R, BT MSB900 i& AL SA 2, RE
—EE IS TRER A IE N, TC BEMRCEAT IR Bk, 7EARWFFH 10 mmol/L & 5 I B g 35 771 =
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Figure 3. Effect of persulfate concentration on the degradation of TC in MSB900-persulfate system
B 3. S FRERELK E X MSBO00-id ik #h 4 R &Rk 7R TC RISZNG
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Figure 4. Effect of solution pH on the degradation of TC in water by MSB900-persulfate system
[ 4. J&& pH Xt MSB900-i3 FRER EL 4 RPBEARZK F TC FSZM
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] 4 Sy pH X} MSB900 5 A4 i i R 25 P& i K o TC ISZmEE . 24 I Sy W) 4E pH fH o 3 I,
TC %% N 94.88%; FFLETFen pH )5, TC EBRFEZW R pH A 11 I, TC £BR%E FHE
60.57%-

VETRIRTRE AL MSBO00 26 F I HL AR IE, 765838 50 TC 4 FIOIRAF LA . TEAPRMIR I 77 1,
B B2 A S R AR 20 B, % pH~pHa(3.32)1, ZUSEE FEA], MSB900 X TC &
BLHEGIRINEA )y, 4 pH > pHay, SUBTRHINGS, A7 /180, MSB900 S TC B HEe T3 55
MJ3[22]0 F—J7TH, BRVEZAAFIE T MSBO00 H RANERE M, Nid BER ShiE (IRt T Fe? ViR, M
HHFT SO, F1-OH HIF=AEF0 TC 1) FEfE -

3.5 XFEETHIRWE

i 5 wTEn, YRR AR AEE 7 C. HCOs . SO I, i MSB900 122 K353 514 90.61%-
89.93%. 88.92%, WURIZIEWAAZR TR X TC ZBEREMBUIRE/N: M 4R H AL 4 B I
B Ca?'s Mg?. K'. Na'ff, Ui MSB900 1) 2552 73l 8 81.4%- 85.43%- 89.68%- 90.61%, K4
JE& BHES X MSB9O00 i fift 24 S W A /R A, Horb Ca? B3I FH B, Na il F 95 .

&R ES TR TC FEARSCERINFI ST A Ca®*>Mg> >K* ~Na*, AJAEEHTKERHH Ca2t
A Mg Lt Natfl KM 25 5 K fif, T RE ST, SBURNAL s . i, Wang 552318 51
RN Ca2 A M2 (I FE I N 10 mM i, PDA/PAN/BC-Fe? (PPBN)E A & 414 Rt TC W B 8% 5
B 61.20%FH 63.39%,  [RIFEAELE B B A Hm 7 A o
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Figure 5. Effect of coexisting ions on the degradation of TC in MSB900-persulfate system
5. HEFBEFI MSBI00-13 FRBL &L A RFEREK h TC B9S2

3.6. MSB900 FE T RERERFERE A B TC BYEENH

3.6.1. FTIR 4%

6 Jy MSB900 J M| /5 ) FTIR B, fHE AN, BFTAE 3400 cm™' AbAG 2 5804, Sy MSB900
RIS A O-H MMH4ERSD, M HELAE 1100 cm ™' A4BFT 1040 cm ™! 4bfIE A C-O F1 C-OH 45 HRS] -
XFE W] MSB900 RH &AL T ATRER, R85 N TC MM AL 2 13EMEAL S . 7E 521~553 cm™!
IR T Fe-O FFAEWE, [N HTG Fe-O FREIERAE T R mFe, X HIGIE T MSB900 H k4 r 25 T TC
() B A
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Figure 6. FTIR spectra of MSB900 before and after reaction
6. R EIAT/E MSB900 KJ FTIR 1

3.6.2. XPS 43#fr
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Figure 7. XPS spectra of MSB900 (a: MSB900 Cl1s before reaction; b: MSB900 Cls after reaction; c: MSB900 Ols before
reaction; d: MSB900 O1s after reaction; e: MSB900 Fe2p before reaction; f: MSB900 Fe2p after reaction)
7.MSB900 K XPS iR (a: & KA MSB900 Cls;b: KEIfEMSB900 Cls; c: K FIATMSB900 Ols; d: & FJg MSB900
Ols; e: R RIRET MSB900 Fe2p; f: & B fF MSB900 Fe2p)
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FIH XPS ZrbrF Bt — S R SBO00 vk g shxt /K TC HIREMNIEE, 53R iE 7 Fiok.
MSB900 1 EZEHH C. O\ Fe HEZMtER, X—45 5 FTIR iGE—5. &0l E, RMNHTE MSB900
Hi) C A3 0-C=0. C-O-C. C-C LA HE, 47 AIXTN 288.5eV. 286eV. 284.8eV 4 &rREALINIIE. HE—
WS T AN AT 01, SN A VT AR B R AR Ak, XSRS AU REFITE TC W P AL phid R 3 o
ERA. BE 7(e)s Bl 7(HAIHI, MSB900 HIE(FAE Fe-O 454545, M HIXI M. Fe,0; fll FeO, {HX M )5 Fe
CEABHERE THA, Fe030/b, FeO M, XAV Fe 25 T iE LB MK+ TC ik,

DA S5 ST AN, AN 5T ) 4 1 MSB900 3R 1 & A =F & I & 8 B fe B, [FsHE BAA Bt & . /£ MSB900
Feff TC MR R PAETE A HZEIRE . B BTG 1) 2 B2 R P I 1% 6 Hh o A P ) B P 7088 i
240, DIARL SO4 -y -OH [24], TR R AL RM(RQ)RI(3)):

Fe?* + 8,04 — Fe*' + S04 + SO 2)
SO, + OH™ — SO4* + -OH 3)

Bk H RIS EINT R IE A g E, JEH RERET AP R ENTEEY M RIREL S, BE
AT A — B s AU B B o R 2R A, T B R T e VR b [l =4, HAR G BAA—2 A
{eBEfRRE J1[25], (EARHE—BIRAB A .

4. Z5ig

ARSI S 3 R LA TS Ve N SRR, I sl ey i 45 2 1 MSB /A RL, JFiE fbid B g £h
BEfd/kH TC, [RIBEYISHER T MSB G ki BB £h 4% M# TC R FEpLE], M3t BL R 458

(1) B FTIR i W 13, MSB900 £l & A ZME A ERH, G4F 0-C=0. C-0-C. C-C, XKL H{H
NP S AR A T 2, T S B FE R P2 A2 T SOs - -OH 25, DLMORIA SRR TC IR . thah,
MSB900 it & Fe jugk, HImmrel AR, A BF30 MSB900 X /KH TC MR MERCE . XPS K
A — P30 UE MSB900 Br & C. O BMT R LML, & H Fendk . HHBIEXN AR PG 5 R
RO AR LIRS b, B Re S H A8/, Bt B AR TS

(2) PRI ORER SRS A AL P R BT A R 32 B i SRR B PR R P A S AL A . H S
TEAHLEI R E 24T S04~y -OH, AWHRAEHITEHAL S, LR RN A& 1E. TiEE B L]
FER A TR, EEYIIUA S B — SRR S, R LE — e R R R TC
BEAR AT

(3) BT MEA AL T H) TC MgZR a8, MSB00 iR 2 MK TC A&+ 1 h
JEREGIEE TC M KRR, R REBREN 94.07%. FIRWEEL Tk R HE B
. IHRERKRE . pH)MBERM: SnEN 133 gL, SHIRERE N 10 mmol/L, pH 3.

@) ERFEIAFF TR eIgH, Kb —585E R E 740 CI HCOs™+ SO42 % T MSB900 i
TR ER B AK T TC R R MR KR, AR T LRI A — 2 bt Tt méEH
BT Ca?', K'\ Mg\ NaWhizfh 24— MsifER, o Ca pysisifE FH B, Na B e FH 555 .

EEWHE
T N 2B LRV S 250 H (2019jb14); T MM B 28 AR F5 22 AR B AR B T I H (2024XIGG12); T /M
2R K F AR ENL I H (ZCXM24-256, ZCXM24-253).
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