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7 OE KA R K A 2 A A YRR R A AL A A T, CRFIAR R aR L (RER TR I 4
JBICE WA T 4k 25K A (MnFeCu-LDHs), F4 L H TG it — B g £ (PMS) R ffk & DU A & (CTC)e MR T
WIhs pH. R | A7 PMS $8 5 X CTC R 30 e i 52 ) RS , 38 2o Ak 2 3 3R R e K S 30 1 e T 0 P 4
YrAh (ROS) FUF 2S5 TElik, IE 5t 5% BT S A0 HEAL FV BEAT b M A B T b R ik . 4552, a4
G pH R 7. RN 298 K, AL & PMS M 02 g L7 44 F, KA 5 minJ§ CTC % B % ik %
80.88%, 30 min % [k %35 5 91.18%, [F A, Bl W) 46 pH AL B 048 &, CTC 1Y B At 250 S 15 51 B I 384 9
ROS ¥ K 5256 1 EPR il 4K S0 56 25 BIESC T AR %K & b, -OH. SO, . '0,¥Z 5 T CTC /A, TTmkIE i i i)
JE'0,, HK N -OH 1 SO, ;5 #:T I | J5 XPSOLTEXS L4347, & Bl MnFeCu-LDHs i fk PMS i3 2 £ /& PR30 4f
AN Z AR AR 7E B 2 H S KU, CTC 19730 min 2 FRFBABIXE] 73.61%, HIL, AWFF5EA N SR-AOPs L ] T 42 il
IR IR BT A T e yT e P A %

X %218 MnFeCu-LDHs; i —~#ilRdh; MM E kAR, HIUAE,; S

AR, 15 KBRS AR R A K BT B B B . 2021 48, E R A (O TS KBTI
R B HE R ) F5 i, 5 /K& T0F A IR B0 R K Bdn e f5 . TR b i AR K T s R A:
W AEANK, IIE MR KSE . (HiEZ AR, FR AR K TS RE SIS Hh Rl i BT A 3R S MERE A
LTS Gy, SRR AR S ENE . SR G A A, PR A K IREE T 5 S PR BT T R
AitE, R FECERGT AR A B, X RN SRR A B R B TE XS, TR & B
R TS K AR R A RS e R R BREOR, ATE IR H AT T K Ak B s R T A O Y S )
Z—o

AL+ R (advanced oxidation processes, AOPs) RE W% ;= A4 H A o &AL I TG e Fh . vl LU
R B R B m RS AP, AR SR Tz e R, Hdr, R TR AR E (PMS) 5
i HR AR £ (PDS) 1 Ak 1Y i AL H R i 7 A iR R AR B H ik (SO, 7). BREE H Ak ((OH), B
% (10, 55 ROS, HAJ &M XERE A NS Qe 2BRBE 1, HIRMIr B N 8, B2 vk R %
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BRI HET, FEARZ A PMS B ik, o4 )R RIS 1T AL . BeREmig) 2 il
B, Hor, 4l (Co) #A A& e A 2000 PMS TG AL & J8 U0, SR, 76 PMS W fbad 2 b, Co™' iYi2
HE R AR fEE B R A AR PR B A B T P EE M, TR Ry CoP B AR AR AR I M B T BB s A R
FORETR I, SR a0 i U 4R IR S AR, X T AR T A S PR AL HE AR K
JRIL A EHE

2K ¥ A1 (layered double hydroxide, LDHs) X FRZ R W 4@ ALy, &8 )20 4k
FERTCHA R, BA R OTRMZ P B TR nr AR | Ho @l el d . 4 JE BH B 350 A B R
AT BAT T e N AT s, A WFSR U REH, LDHs 7] & 200 b H,0, it A 5 (0—0), ™=
4 -OH, I HEN PMS F Y O—O 7R 7] LAk LDHs W51k . 2R 1 LDHs ] T 154k PMS £ Bt — sufff
AR, AHATIRZ4%EH T Co & 70 LDHs, 41 ZHAO %6 X} CoMn-LDHs {ifft. PMS [ fif A L 44
BLHEAT THESY, & IE CoMn-LDHs BA I 5 i AL iG 1% . 2R 1T, Co 5 LDHs % fb. PMS A7 ¥k LA f
Co™ 2 i, & BU™ H By —ycis e )@ ; 1M Mn A/ Co B AU TT R X PMS 19 3% 1L R RE AT A7 Ff 42
Ho AR R, Z4JEB 20T S RHE L PMS B P T A AOR,, Rk
R AT, SCI AL, SRETE b PMS FEff oA ZEER M A LY . SR, Pk R R ME AL
Y5 £ 481874 ) £ Ot LDHs 2 [ W 25 PMS Z [BJE 6 A7 1F B FA B AIER, JF 92 B X 28 4
W fe AT AL ) e s R A, L A B A R GE

AMFFE LA VYA % (chlortetracycline, CTC) MMFFRAT S, it /K BGL T & 746 . Sl
# MnFeCu = JC2K/K W A, H ¥ H T I% L PMS RLFFEf# €TC, 435 F 3 4% H 8% (scanning electron
microscope, SEM). X &f £k ¥y K fif 5} (X ray diffractometer, XRD) & X 5} £k 5% B 7 fE i% (X-ray
photoelectron spectroscopy, XPS) 457 M - Bow it Ak 50 B9 2 35 A 25l 04T T RAE RN o3 b s B 48T
CTC W& 2 . AL A1 PMS SN . 0 43 pH Al B2 X CTC [ fifk A% HE 1Y 52 ] 5 X o8 ik ok A o 7 A= 1)
BRTE PR IEAT T VR K S K EPRARAR , R B T 16 P W B 1) 7= A 15 O S HEAE CTC R 2o 72 vh 11
TRk, LA R CTC MY REMALT 2 X% 1k PMS A5 A9 4 40 570 B A0 Pk 2R A7 % He 43 Ar, &5 A4k 5] [ml
WCFE R A AR v CTC MR RE, VRAL T AL R IR A AR M o ARIIF 9T 45 31 U SR oK BR35 rh e A
EJIPNUS/ e =
1 #Rl5E%
1.1 LG F

S VU E (CAS, 64-72-2). VUK il FR 4% (CAS, 20694-39-7). = /KAl W24 (CAS, 10031-43-3).
JUKTE R Bk (CAS, 7782-61-8). Xf 2[R (CAS, 105-51-4), BEEE (CAS, 98-00-0) Ity [ I i Aladdin 2>
H . EhR (CAS, 7647-01-0), Z & fLAN (CAS, 1310-73-2). BRER4H (CAS, 497-19-8). #L T W (CAS,
75-65-0), JCIK B (CAS, 64-17-5) W H |6 Macklin 23 ] .
1.2 #UFNHE

K FH 7K #4325 1l % MnFeCu-LDHs, HAKGF : B 1 mmol AR Ek . 1 mmol i iz &% A1 2 mmol fiF§ iR
R T 100 mL 53 Tk, A 4L 30 min 5 AR 2R AR A EE R L LI2 & RIRA R, BT
250 mL Z3 W I SF . B 0.035 mol FA AL AN S 0.015 mol Bk BR AN M T 100 mL 255 Tk v, #H>
B 30min, FERIZIEFESIE T, B4 B RS R, 3 mL-min ' 455 5 2218 T A &5 4 i e b, i
s A P 6 pHLZE 100,14 T 75 20 ) B b R KRR A, 140 °C R 16 he IR
KB REBFRKREE LR, HE LERpH 2. BEINN- Y E T HES TERA T
55 °C 24 h S BUBIFES , fRAFA H
1.3 #UFIMRE

il SEM. XRD 4X%F & i =0 Kig A R RIS . MM S T RAE. [, i XPS Xf
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J R H G =002 KU G AT R AR, AR N R G O R M A AL, T4 AR IR E T S 4 A
i R k.
1.4 CTC BfE L PERESCIE

FE A SR J R Z5 A I 0T, 8945 R DL Oy Ak PR EAT S0 5 . 7E 25°C. WIAR pH=T (251
T, #0040 mg AL T 200 mL10 mg L™ fY CTCIE W, LTI E N 02 gL' 1E BIERF
A R R A R 30 min, 5 Ak R K B0 W BN AR ROT L LR B R BT AL A A R Y 5
M, AR R P3N 40 mg PMS, i HoMe A 2 0.2 gL', 22 I7E 2.5, 50 10 154 20 & 30 min HX
FEJETE 30 s NI 0.22 pm T FLUE RS, (i FH 55 40 43 606 BE T H7E 356 nm i R Ab WA W B, BT 153
H CTC Pl e U7,

T UL, TEIRIT A5 M KR X CTC 19 [ A 52 1 52 9 v o 345 B TR 3R 4 i A8 1t v AT
W5 . FEFRTE CTC WA MR BE B2 S 88 v, 4390 el A8 CTC Bk 25,200 30 X 40 mg-L™', H
RAPRORFEAE s ERFEMAL R BN & 52 SLae Ao OB AR R B £ 2 0.05, 0.1, 0.3 &
0.4 gL', HALRRERFEAL; FEHRIT PMS BN A5 S5, 40 50 2 AE PMS $+# & 0.05,
0.1, 030204 gL, HAZREMFFAL; EHRI pHA I IE T, 735 %078 pH £ 4, 6. 8 Al
10, HARARRRREAAL ; RSS2 g T, 5 % 35, 45 155 C, HARAhE
FEARAE

IR, b7 % SR OGP AR E M, K S I i Y S BV B B0 A R, TR R R K
K TCK W, AfH R B O ALAE 8 000 r-min R HEAT BRI, TE R B T K M IEK LA TR IR
JE A 55°C .25 THEA h T4 24 he
2 #HR5TR
2.1 EAFIRE

R TR A RERIES, XA MRER F SEM #4743 (I 1(a)~(b) S SEM 41 41 HL 5%
FIM5). HA ek & LDHs py e RJE 250 W] LU 5] MnFeCu-LDHs H A A X 4 1 S A b 9 12 3%
T A 0 & R A5 . B 1(e)~() & SEM BHMR 4 ot R B B R . T WA S MRS A O,
Mn, Fe, CuJt#, #k— Uil MnFeCu-LDHs E. 74 % 43450 )2 R G548 o e ml LA 6 0 e, 3
K B i3 A i T MnFeCu-LDHs & & #1 8}

1 pm
(c) OTLERBUH A (d) MnyCE BT A (e) FesuaR BLATIA (f) CuTER WS
B 1 MnFeCu-LDHs #J SEM 5 E1& & T £ 51 &

Fig. 1 SEM and TEM images, EDS-mapping of MnFeCu-LDHs

1 pm 1 pm 1 pm
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& 2 4 fif & Al MnFeCu-LDHs () XRD &
W%, AE 20K 11.11°, 22.82°, 34.57°F1 60.30°4k
B RRIE DG, 43 51 X R T 28 K B A1 (003). (006).
(009) F1 (110) fm ", Prig G L AR, 1%
RIZE HAQHL, #E— P RWIE T 45 5 R 4F )
MnFeCu-LDHs,
2.2 MnFeCu-LDHs/PMS X CTC #9835 8

FE N IR E A 25 °C, WG pH=7, fEfLF
B 0.2¢g- L™, PMS B 0.2 gL' I CTC Jit
HWRE N 10mg L 4T, %% T MnFeCu-
LDHs i 1k PMS [% fft CTC B RCR (K1 3). 4
F W, PMSXf CTC f#1F — & WK fERE 1, (H
H 30 min [ # R B4 34.1%, XAl RE 2l T
PMS A& & HAT —@ A e, HEKTHE
7 /b ) -OHPY, 17 £E %S il MnFeCu-LDHs fE
F AL &R, CTC ¥ J¥ £E 2.5 min N {#
o TR, LBRFIAE] 78.68%, 30 min [N R
3k 2] 91.18%, fH L 7] WL, MnFeCu-LDHs
Al ZCTE A6 PMS, 77 AR 1Y 2 OIS ) R X
CTC I 52 R i R4 B i o i — 20 207 MinFeCu-
LDHs # il & % 0.05. 0.1, 03, 0.4 gL', PMS
BomEREE 0.2 g L7 R, ATLUAE L 4L
FF R ML 0.05 gL' #8n%E] 0.2g L' B, CTC
) P A i 30 A5 2 B R 3 755, 2.5 min B 255

—~
[sa)
(=3
S
=

0 10 20 30 40 50 60 70
20/(9)
2 MnFeCu-LDHs Y XRD i
Fig. 2 XRD patterns of MnFeCu-LDHs
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1.0¢ —0-0.05 g - L' MnFeCu-LDHs
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08
06\ —#—0.2 g - L' MnFeCu-LDHs.
o8 —<+0.3 g - L' MnFeCu-LDHs
[§)
04
02}
O il 1 1 1 1 1
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SV s ) /min
3 MnFeCu-LDHs j& £ PMS P& % CTC 3R

Fig. 3 Degradation efficiency of CTC by PMS activation with
MnFeCu-LDHs

K 78.68%, 30 min B 22 FRR 15 2] 91.18% ., 31X S FH T 52 5 W B B9 HE AL 55 1T S PMS TG AL HEfit T 2
BTG PR S, AT PE— B8R T CTC MR . SR, YL e E Ak e in & 0.4 g L' B,
REfi 28 T o0 04T, CTC BB G AR/, UEBZ MR T 19 PMS 3G 4L B3R 2 740 Fn, PMS ¥k

AT CTC HEAL B A (1 BR 2 25X

2.3 MnFeCu-LHDs/PMS A& [z I & 4 X CTC X & 3 AE BY 52

1) CTC )45 e FE (1) 5% . 228 CTC i &
WelgEE 5,20 30,40 mg-L', 4L . PMS
BhmE R 0.2 gL AR, WG pH A 7,
W25 C, BRIY CTC W) i e B X R VA4 &
e LBRRR . E 4 iR, 4 CTC ik
WM Smg L' EFFE 10mg L' i, ELBRFRIA
s, 30 min £ BRARILH] 91.2%; EZETH &
CTC ¥ BT, 30 min JBRFNGE AL TR, Uil
5 MR R Y A AL 5 I PMS ¥ R, MnFeCu-
LHDs/PMS 14 & 7= A TG PE Y Rl B, o vk B
) CTC A 2 LUk 7853 AL B A

2) PMS &m0 . 2R PMS 20 &

1.04
0.8 H\\

0.6

ac,

04

02F X

0 5 10 15 20 25 30
SNEI [f/min
El 4 CTC #IRRE X BEBRIENS M
Fig. 4 Effects of CTC concentration on degradation efficiency
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£ 005, 0.1, 03, 04 gL', HAKFHMHEE 104
ANAE, HRFE PMS 0 X CTC [ fff (4 52 ) . os | - 8:?5;. L PMS
g s s, BARE s PMS #i X CTC u\ & 02g-L'PMS
30 min 25 Bk %5 U R K 24 PMS % i ik oo || o 0aa LN
0.05 gL A% 0.1 gL' W, CTC [l A S |
P — i RO L {4k S Y PMS vk JiE Mk
i, CTC (1 B ik 5 SR B mi B8 T 1055 . 3 T A oa L}
W T A PMSIKEMEER, 51k T PMS H :
VERK N, % 4% 1 PMS 5 SO, il -OH 4= i e ST T T
SO, (X ()~ (2)), X J& — Fl & 55 19 A Ak 5 e el i
M, AR JE AR 1.1V, F3CTC Kl [ 5 PMS % 08 X B R 35 2R 10 52
R R AL 22 Fig. 5 Effects of PMS dosage on CTC degradation efficiency
HSO; +S0,-~ — SO; -~ +SO. +H* (1)
HSO; +-OH — SOs+ +H,0 2)
H*+S0, -~ +e~ — HSO < +S02° 3)
H'+-OH+e — H,0 %)
SO, +OH = SO2” +-OH )

3) WA pH B2 . HAR S JEREEAAE, B WILG pH(4~10) #85T pH XF I W AR & o CTC &
AERI I . N 6 Firan, TEBPE &M, 4

AR K 47X CTC 1 i AL W A A 25 T8 47 0 4 T

o XA TS, OH Al LUiNE HSO, 08k

Mo BLsh, OH W LLY SO,z i A ili-OH,

FLAEEE S5 T & —Fh AR e B0 e B - 0.6

BB AR AR, HOE R KM A R R S oal

AALYZ, IR & 8 00 i, [T A

HT DL B SO, Al -OHGE, B)~= (5)). Ktk , 02f

Bl PE S 4R T CTC Y R g SR T ikl T 4

B A o {EL B 7 WIRG pH O 4 R S 0 s 10 15 20 25 30
T, CTC A9 30 min Bk 681k 3 85.3%, 1] S [l fmin

WAZAEAL TR AP BE . SOK A TR #M I 6 pH Xt P& ARALZR K R0

f@j MK/% EF' ﬂf& pH () I;E’@ N Fig. 6 Effects of pH on CTC degradation efficiency

4) AS [R50 M o P 9 R T 40 B R BN T B R RS #E 308, 318 A1 328 K, A T EE VA
BT b 72 BRI ST CTC B ff 1 52 A5 00, A Ak R B0 s f % 0.05 gL', PMS #2502 gL
AN, WG pH R 7, A5 7 BTN o BEEE SONTE BE BRI, CTC P fift o 6 5 25 B R 35 4 T 3
e Xt R ok R AR Sl 12 e B, T LAAS IR [R1R B T A S0 o 6w 4 k(B 7(b)), AR5 BT AR JE 5 3
TR (X (6), WX 3ARE TR Ink 5 UT#ATEIA, AT LIS BIALR AT Ea/R, HE 01153 H 4 k4
K A5 Ak PMS [ CTC RYTEALBE . % k2% N 3% AL fiE 4 50.3 kJ-mol ™'

E
Ink = =< +1nA (6)
RT
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1.0 or -12
| ]
0.8 H -y -1.6 }
06t ~ 2 20}
Q 2
o T -3 i
S 04+t =g 24
-4+
0.2 ¢ 28t =
-5t
O L 1 1 1 1 1 1 6 1 1 1 1 1 1 1 _3'2 L 1 1 1 N I
0 5 10 15 20 25 30 h 0 5 10 15 20 25 30 3.0x107 3.1x1023.2x1073 3.3x1073 3.4x10°3
2V Bt [E]/min J2 % i 8] /min (1/Ty/K?
(a) REHREE T CTCIYREfRSR (b) AR CTCREME D — 28l % (c) Ink 5 UTIHLRHER &

2.4 MnFeCu-LHDs/PMS & Z& % CTC HIBE R H

E7 BEXERYENRM
Fig. 7 Effects of temperature on CTC degradation efficiency

S T BRI B R A R S R R R R ARG B, (A DMPO i 4k -OH. O, SO, ", W EEfE
M, i TEMP #35'0,, L& FKMEN, RE¥SIZE, HEMAERK—-ERIEGR, ELA
P Z A, B EPR BE SIS P EAT ROS {553, i 3k EPR/BSR J3Br 45 16 P4 80 4 Ff 140 15 5 e AiE 06
(% 8), ZERFRW, RNAKZRS -OH. SO, . O, [0, ¥ A W WM 15 5 Rk e da ) o (E15 1 B
J&, FEJNMA PMS A 1 min A1 10 min B, o] DL 30 % o0 B & 490, -OH Fl O, {5 5 F¢fiF &, 1
SO, W ZE 2 i 1 min B {5 5 W 4R AE B (2, 76 B 10min i, {55 RRAE 0650 5 A5 25 0 B Ak 55, 9fE
Wr SO, ANEHFLEAFTE , TE RN A (5 40 3 T 7

. = DMPO-HO:
+ DMPO-S0S0,-

* * *| * 1 min
3460 3480 3500 3520 3540
T35 B /mT

(a) -OHFISO; [YEPR [&l1¥%

« DMPO-0;"

3460 3480 3500 3520 3 540
W5 B /m T

(c) O, HYEPR Ak

arc,

q W n 1 min

3460 3480 3500 3520 3540
R /T
(b) 10, IWEPR [£l3%

—— ARG
—— 1 mol - L' JL/KZ [
—&— 2 mol - L' X 2R

0.8

0.6+ —w— 2 mmol - L' B

—— 1 mol - L FU T
/N

04}

02}

0 5 10 15 20 25 30
S i) fmin

(d) IS RIS 14 R AR

8 HHREXEKI CTC E#EM RN KZ MnFeCu-LDHs/PMS {4 % EPR &1
Fig. 8 Effect of radicals quenching on CTC degradation and EPR spectra of MnFeCu-LDHs/PMS system
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F T AR R AR F & TR PR Rh X CTC B i ST Ek . 2 S in A JE K 2 B (EtOH) ¥
K -OH M1 SO,~, 4T % (TBA) # K -OH, X7t (PBQ) ¥ K O,-~, HEMEE (FFA) ¥ K 'O, & 8
Fii7R, A 4 B KRG, CTC BIREMRIAANFRBER TR, MA EOH J5, 30min 5 CTC 2Bk
B ARIMABEKAN W 91.18% T3] 76.47%, Wil A TBA J5, 30 min Z:BE %M T 2 85.29%, ik
TR Z SO, 5-OH [UFFAE . 7E FFA J5, 30 min 55 T E 38.24%, Xk [ e () 001 2500 e 5
T EtOH Ml TBA, EM] TR R b4 £ S/ 2'0,; LA, TTLIFEE], PBQ HIMIAXT CTC HY K
B A T —E I HAEN . X2 H T PBQIEKR O, 5, 'O, MR MIBEZ =28 50w, i 2R P
IHIVE ], X EEIESE TIZ W AR & CTC MRS R rh AR F i 3L 5 0 5 B

1 & 9t XPS % AT L, MnFeCu-LHDs/PMS 14 2 H 77 46 M M= A0 9 4 85 7 Rk g 7 LA e —
B Fn A B4R B T, A SRR N AT DL PMS PR AR R E AR E T . AT LAE Y, RET S
3P VE S EAFEM SRS E A B AR, Mo SN T 39.67% T K E] N JE Y 35.84%,
Mn®* W] iy 44.9% 34 11%) 49.28%; Fe*" ISV R 63.95% 38 2 52 1 i 1) 64.63%, Fe* T M\ 36.05% F [%
F| 35.37%; Cu M\ 5 HF A 40.51% b F+ 2 521 5 1 44.36% , Cu® W B\ 59.49% T [% 5] 55.64%. It
Ab, Ols itk B A 8 & 2 R R T 2.93%, BB R R 1m0 AL A v fE S 5 T AL . 38
o UL B, FATHER T MnFeCu-LDHs i 46 PMS () 3£ ##: MnFeCu-LDHs H' ) Mn®*, Mn'",

o

Q
=

@)

Ols

Qm
cn 2
o
PR
=S

SRR

Cu2p

oo

Ols

FA:)

ST

L 1 1 1 1 1 L 1 1 1 1 1
1500 1200 900 600 300 .0 2927 290 288 286 284 282 536 534 532 530 528 526
LGifrhg/eV LifrhEeV 4ifiEleV

(a) XPSAiE {8 (b) Clsopigesl{R () Olsipig s (%

FAnA) ER A
| . \ \ L . \ \ . L ) A A e )
660 655 650 645 640 635 740 730 720 710 700 970 960 950 940 930 920
ghEfEleV 4t figleV ZEE RV
(d) Mn2pF3Ii &5 (e) Fe2p/rug &4 (f) Cu2p/rii &4

B9 RNATEHESKEIEKEA XPS K&
Fig. 9 XPS spectra of Mn-Fe-Cu LDH before and after reaction.



3902 ok L B ¥ W Fl6 &

Fe? Al Cu'il i Hi 7 5% % 15 /b PMS(HSO;-) A= 1% SO, (X (7)~3X (9), i SO, v] LA 5 H,O Hl OH ) )i
A -OHES (10)2927, R 5 B9 @ A 2% Mn®* . Fe*™ fil Cu? ] % HSO, 38 J5 M AR A A 1Y 4@ 55 1 (X
(11)), [FEHF Me®/Mn**, Fe**/Fe*", Cu®"/Cu’ & Mn*/Mn* i S 1k 38 J5 v 43 9 & 151V, 0.77V,
0.34V 1 0.15V, Ak I i A7 ] 1Y) 22 S 6 A 2 42 T8 25 - 1Rl 19 96 26 (X (12)~2X (16)), (2 4 &[]
A= b 18] 2k R E T AR A R PR R Min®t, Fe?™ Il Cu'id £ 5 4 1k 7] 25 1 B9 H,0 Al OH 45 &, Xt
PMS W51k A & M #EE R G (17)~a8 (18))2%, 1o, I Al LA i PMS 43 i Al 0,5 H,0 S 4= i
(X 19~z (20))., HI A WL, CTC 7E SO, -OH. 'O, & O, JLRh [ ry 3 il e [l 44 FH R % I i .

Mn**/Mn** + HSO; — Mn**/Mn*" + SO, -~ +OH~ @)
Fe’* + HSO; — Fe’* +S0O-; +OH™ 8)

Cu* +HSO; — Cu®* +SO-; +OH" ©)

SO-; +OH™ — -OH +SO;” (10)

Fe’" /Mn’* /Cu** + HSO; — Fe** /Mn*"/Cu*+ SO +H* (11)
Mn** + Fe** — Mn** 4 Fe** (12)

Mn** + Cu* — Mn*" +Cu™* (13)

Fe** + Cu® & Fe’ "4+ Cu® (14)

Cu** + Mn** — Cu*+Mn"* (15)

Fe’" + Mn’* — Fe** +Mn** (16)

Fe’" /Mn** /Cu* — OH" + HSO; - Fe’*/Mn”*/Cu* — OHOSO; + OH" (17)
Fe’* /Mn** /Cu* ~OHOSO; — Fe** /Mn** /Cu®* +SO-; (18)
HSO; +S0— HSO; +S0; +' 0, (19)

20, +H,0 - HOO™ +OH™ +' O, (20)

2.5 EAFINBEREEED

W AR S B A AL R AT 4B OIS TS T T Ak PMS B CTC iRt #2H 4 5 W (&1 10). Fili& 1 PRk
BB 2, Ak 1030 min i AL B AR AR B R T RE, MEE 1R 91.18% 1K K T B & 86.11%.
82.64%. 76.39% I 73.61%, X1l fEJE th T 4 & B T 09 % AU AL 0 3R 8% B T ER 4> CTC B ik
Y, SECT HAREEBCRIREAL . RS
3JA, CTC Y 10 min [ f# R A4 70% UL L,
30 min [ MR AT 80% LA - & %5t 5K 100
P )E . CTC 30 min HEALFFEfERAIIRA 73.61%,
& W A ROK M AR R R AR R R
s T A A
2.6 HEMLFIE PMS HLIE 547

45 G 05 P E W Fh 3 A S XPS 4 B 4R
%} MnFeCu-LDHs 1% 1k PMS #LH #E 17 S 45,
& 11 fir 7, MnFeCu-LDHs % [f (9 4x J& B 13
it 5 HSO M i F W%, BT mX 10 BEeFIHEFREAEY
7-320 s, EatHE TFE AR T -OH, 102 Fig. 10 The reusability of catalyst

W%




%12 4] ARAF4 . MnFeCu-LDHs{i AL PMS R S U1 3 1 20aE ALl 3903

SEEPE A RY XS R AN S CTC FLAT
TR A 19 2 1A L S CTC % e 1 5 1 Wi o
X CTC WA, 7 e B 22 A 1 LR 44 4 oS e ¢ L

YRR RS T ISR, R AR '4eh X
PO, fy Ak F Rk GG £\
3 % NS Fsy
] JIN 5
DR Ok # 8  ) 8 & T MnFeCu- s oY ARNA o4
LDHs. #4305 il T 1k PMS [ fif CTC., % B C & NS X5
HHA BRI MAETE, RE0H % LKk s O\ | N
i CTC: TEWI4G pH N 7, fiE4L5R K PMS % Bl 11 MnFeCu-LDHs 5% £, PMS B& i & P13 &
JndE & 0.2 g L' AF, CTC 7E 30 min f £ B F ik MEREE
% 91.18%, Fig. 11 ‘Mechanism of MnFeCu-LDHs activating PMS to
2) AL 7E 45 pH A 1 45 FL AT B0 1 o deerade tetracycline

FME, TERMESIE T, LRI PMS (75 AL ROR BT, OTC BORE M RicR s s o [ A 38 K i L 51
Bt o TR R ¥ T R AL CTC M, Bkl mE Bt 02 gL' a, SRALFUR A 2
=, A, 289 PMS HREEKFI SO, Al -OH 4 JY SO, “A4LRE 1 8 55 .

3) 3 o VA K S A EPR A AR IE B T AEZ R & ', -OH. SO,~. 0,7, '0,¥Z 57T CTC k%
fif, SRR Fer 2 '0,, HK A -OH M1 SO,

4) BB AN R A 2 4 s B 1 AR AL A TR B () 1 22 (R i & 8 B T R IE R, [ 4
o 18] 7= A= i [] 26k 17 0F 7 AT 8 s i AR 1 ek 5 o0 5 IR 3R ) L AR A% CTC 7 BT R 9 i fk
REfae g1, UGB L EAT O R 5 & A



3904 o T OB MR %516 %

& £ X #

(1] s, atE, AEmg s, 45 ST 5 /K AR S 0B ER A A G S SRR loading Fe—Al layered double hydroxides (FeAl-LDH@ BC)/H202 for
2EIAE[T). TR EFERERRY:, 2017, 19: 6-12. phenol removal[J]. Chemosphere, 2021, 266: 128992.

(2] W7, BR, 2gisg. HAKPZE KA APHEE S AFEAK  [15] XU X, LIN R, DENG X, et al In situ synthesis of FeOOH-coated
SHTI]. FREERRE 5 ER, 2021, 43(12): 1-6. trimanganese tetroxide composites catalyst for enhanced degradation of

[3] BENW W, ZHU B, YUAN X J, et al. Occurrence, removal and risk of sulfamethoxazole by peroxymonosulfate activation[J]. Separation and
organic micropollutants in wastewater treatment plants across China: Purification Technology, 2021, 275: 119184,

Comparison of wastewater treatment processes[J]. Water Research, [16] 45, FRFH. Cu,0/CuO/BCE A MEHELPMSFHEMTCL]. FREER}
2017, 130: 38-46. 2FEHR, 2022, 45(3): 188-196.

[4] MIKLOS D B, REMY C, JEKEL M, et al. Evaluation of advanced  [17]  #kRfife, a0, Phai, A5, 4% 58 7RI TR 2 A6 BB R 19 W P LER 55
oxidation processes for water and wastewater treatment: A critical PHRIZOR[T]. FREERF =244, 2021, 41(10): 4022-4031.
review[J]. Water research, 2018, 139: 118-131. [18] ZENG H, ZHANG W, DENG L, et al. Degradation of dyes by

[5] LIUJ, YANG Q, WANG D, et al. Enhanced dewaterability of waste peroxymonosulfate —activated by ternary CoFeNi-layered double
activated sludge by Fe (II)-activated peroxymonosulfate oxidation[J]. hydroxide: Catalytic performance, mechanism and kinetic modeling[J].
Bioresource technology, 2016, 206: 134-140. Journal.of colloid and interface science, 2018, 515: 92-100.

[6] BOCZKAJ G, FERNANDES A. Wastewater treatment by means of [19] WANG G, LI D, WANG S, et al. Ternary NiFeMn layered metal oxide
advanced oxidation processes at basic pH conditions: A review[J]. (LDO) compounds for capacitive deionization defluoridation: The
Chemical Engineering Journal, 2017, 320: 608-633. unique role of Mn[J]. Separation and Purification Technology, 2021,

[7] PANG X, GUO Y, ZHANG Y, et al. LaCoO; perovskite oxide 254:117667.
activation ~ of  peroxymonosulfate for aqueous  2-phenyl-5- [20] HOU L, LI X, YANG Q, et al. Heterogeneous activation of
sulfobenzimidazole degradation: Effect of synthetic method and the peroxymonosulfate using Mn-Fe layered double hydroxide: Performance
reaction mechanism[J]. Chemical Engineering Journal, 2016, 304: 897- and mechanism for organic pollutant degradation[J]. Science of the
907. Total Environment, 2019, 663: 453-464.

[8] OH W D, DONG Z, LIM T T. Generation of sulfate radical through [21] GONG C, CHEN F, YANG Q, et al. Heterogeneous activation of
heterogeneous catalysis for organic contaminants removal: Current peroxymonosulfate by Fe-Co layered doubled hydroxide for efficient
development, challenges and prospects[J].  Applied Catalysis catalytic degradation of Rhoadmine B[J]. Chemical engineering journal,
B:Environmental, 2016, 194: 169-201. 2017, 321: 222-232.

[9] ZHAO X, NIU C, ZHANG L, et al. Co-Mn layered double hydroxide as [22] AHMADI M, GHANBARI F. Combination of UVC-LEDs and
an effective heterogeneous catalyst for degradation of organic dyes by ultrasound for peroxymonosulfate activation to degrade synthetic dye:
activation of peroxymonosulfate[J]. Chemosphere, 2018, 204: 11-21. Influence of promotional and inhibitory agents and application for real

[10] GERKEN J B, MCALPIN J'G, CHEN J Y C, et al. Electrochemical wastewater[J]. Environmental Science and Pollution Research, 2018,
water oxidation with cobalt-based electrocatalysts from pH 0-14: the 25(6): 6003-6014.
thermodynamic basis for catalyst structure, stability, and activity[J]. [23] HUANG G X, WANG C Y, YANG C W, et al. Degradation of
Journal of the American Chemical Society, 2011, 133(36): 14431- bisphenol A by peroxymonosulfate catalytically activated with
14442. Mn, (Fe,,O, nanospheres: Synergism between Mn and Fe[J].

[11] GUO W, SU S, YI'C, et al. Degradation of antibiotics amoxicillin by Environmental Science & Technology, 2017, 51(21): 12611-12618.
Co,0,-catalyzed peroxymonosulfate system[J]. Environmental progress [24] DENG J, WU G, YUAN S, et al. Ciprofloxacin degradation in
& sustainable energy, 2013, 32(2): 193-197. UV/chlorine advanced oxidation process: Influencing factors,

[12] SIMONSEN L O, HARBAK H, BENNEKOU P. Cobalt metabolism mechanisms and degradation pathways[J]. Journal of Photochemistry
and toxicology: A brief update[J]. Science of the Total Environment, and Photobiology A:Chemistry, 2019, 371: 151-158.

2012, 432: 210-215. [25] TAN Y, LI C, SUN Z, et al. Natural diatomite mediated spherically

[13] FENG Y, WU D, ZHOU Y, et al. A metal-free method of generating monodispersed CoFe,O, nanoparticles for efficient catalytic oxidation of
sulfate radicals through direct interaction of hydroxylamine and bisphenol A through activating peroxymonosulfate[J]. Chemical
peroxymonosulfate: Mechanisms, kinetics, and implications[J]. Engineering Journal, 2020, 388: 124386.

Chemical Engineering Journal, 2017, 330: 906-913. [26] LIZ,SUNY, HUANG W, et al. Innovatively employing magnetic CuO

[14] FAN X, CAO Q, MENG F, et al. A Fenton-like system of biochar nanosheet to activate peroxymonosulfate for the treatment of high-


http://dx.doi.org/10.3969/j.issn.1009-2412.2017.05.002
http://dx.doi.org/10.19672/j.cnki.1003-6504.2020.12.028
http://dx.doi.org/10.1016/j.watres.2018.03.042
http://dx.doi.org/10.1016/j.biortech.2016.01.088
http://dx.doi.org/10.1016/j.cej.2017.03.084
http://dx.doi.org/10.1016/j.cej.2016.07.027
http://dx.doi.org/10.1016/j.apcatb.2016.04.003
http://dx.doi.org/10.1016/j.apcatb.2016.04.003
http://dx.doi.org/10.1016/j.chemosphere.2018.04.023
http://dx.doi.org/10.1021/ja205647m
http://dx.doi.org/10.1016/j.scitotenv.2012.06.009
http://dx.doi.org/10.1016/j.cej.2017.08.034
http://dx.doi.org/10.1016/j.chemosphere.2020.128992
http://dx.doi.org/10.1016/j.seppur.2021.119184
http://dx.doi.org/10.1016/j.seppur.2021.119184
http://dx.doi.org/10.13671/j.hjkxxb.2021.0052
http://dx.doi.org/10.1016/j.jcis.2018.01.016
http://dx.doi.org/10.1016/j.seppur.2020.117667
http://dx.doi.org/10.1016/j.scitotenv.2019.01.190
http://dx.doi.org/10.1016/j.scitotenv.2019.01.190
http://dx.doi.org/10.1016/j.cej.2017.03.117
http://dx.doi.org/10.1007/s11356-017-0936-8
http://dx.doi.org/10.1016/j.jphotochem.2018.10.043
http://dx.doi.org/10.1016/j.jphotochem.2018.10.043
http://dx.doi.org/10.1016/j.cej.2020.124386
http://dx.doi.org/10.1016/j.cej.2020.124386
http://dx.doi.org/10.3969/j.issn.1009-2412.2017.05.002
http://dx.doi.org/10.19672/j.cnki.1003-6504.2020.12.028
http://dx.doi.org/10.1016/j.watres.2018.03.042
http://dx.doi.org/10.1016/j.biortech.2016.01.088
http://dx.doi.org/10.1016/j.cej.2017.03.084
http://dx.doi.org/10.1016/j.cej.2016.07.027
http://dx.doi.org/10.1016/j.apcatb.2016.04.003
http://dx.doi.org/10.1016/j.apcatb.2016.04.003
http://dx.doi.org/10.1016/j.chemosphere.2018.04.023
http://dx.doi.org/10.1021/ja205647m
http://dx.doi.org/10.1016/j.scitotenv.2012.06.009
http://dx.doi.org/10.1016/j.cej.2017.08.034
http://dx.doi.org/10.1016/j.chemosphere.2020.128992
http://dx.doi.org/10.1016/j.seppur.2021.119184
http://dx.doi.org/10.1016/j.seppur.2021.119184
http://dx.doi.org/10.13671/j.hjkxxb.2021.0052
http://dx.doi.org/10.1016/j.jcis.2018.01.016
http://dx.doi.org/10.1016/j.seppur.2020.117667
http://dx.doi.org/10.1016/j.scitotenv.2019.01.190
http://dx.doi.org/10.1016/j.scitotenv.2019.01.190
http://dx.doi.org/10.1016/j.cej.2017.03.117
http://dx.doi.org/10.1007/s11356-017-0936-8
http://dx.doi.org/10.1016/j.jphotochem.2018.10.043
http://dx.doi.org/10.1016/j.jphotochem.2018.10.043
http://dx.doi.org/10.1016/j.cej.2020.124386
http://dx.doi.org/10.1016/j.cej.2020.124386

%12 4] REFA . MnFeCu-LDHs{ih fPMS [ A 5 PU PR 2R B RLHE S pL 3905

salinity organic wastewater[J]. Journal of Environmental Sciences, 2020, 1799-1811.

88: 46-58. [29] YANG S, WU P, LIU J, et al. Efficient removal of bisphenol A by
[27] XUY, AlJ, ZHANG H. The mechanism of degradation of bisphenol A superoxide radical and  singlet oxygen  generated from

using the magnetically separable CuFe,O,/peroxymonosulfate peroxymonosulfate activated with Fe0O-montmorillonite[J]. Chemical

heterogeneous oxidation process[J]. Journal of Hazardous Materials, Engineering Journal, 2018, 350: 484-495.

2016, 309: 87-96. [30] DONG X, REN B, SUN Z, et al. Monodispersed CuFe,0, nanoparticles
[28] DUAN P, MA T, YUE Y, et al. Fe/Mn nanoparticles encapsulated in anchored on natural kaolinite as highly efficient peroxymonosulfate

nitrogen-doped carbon nanotubes as a peroxymonosulfate activator for catalyst for bisphenol A  degradation[J]. Applied Catalysis

acetamiprid degradation[J]. Environmental Science:Nano, 2019, 6(6): B:Environmental, 2019, 253: 206-217.

(T4 % 5. W )

Degradation efficiency and mechanism of chlortetracycline by activation of
peroxymonosulfate via MnFeCu-LDHs
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Abstract Aiming at frequent detection of biorefractory organics, such as antibiotics in the tail water of
wastewater treatment plant, MnFeCu layered double hydroxide (MnFeCu-LDHs) was prepared with green and
low toxic transition metals to activate persulfate’ (PMS) for degrading chlortetracycline (CTC). The effects of
initial pH, reaction temperature, catalyst and PMS dosage on CTC degradation efficiency were investigated. The
types and contributions of reactive’ oxygen species (ROS) were determined through chemical capture and
quenching experiments. The physicochemical properties of catalysts before and after reaction were characterized
to investigate the stability of catalysts. The results showed that the removal rate of CTC reached 80.88% after 5
min reaction, and 91.18% after 30 min reaction when the initial pH was 7, the reaction temperature was 298 K,
and the dosages of catalyst and PMS were 0.2 g-L™'. Meanwhile, with the increase of initial pH and temperature,
the degradation effect of CTC increased significantly. ROS quenching experiment and EPR capture confirmed
that -OH, SO, 7 and 'O, participated in CTC degradation in this system, of which the highest contribution was
'0,, followed by “OH and SO,-". Based on the comparative analysis results of XPS spectra before and after the
reaction; it was found that the stability of MnFeCu-LDHs activated PMS process was reliable. In addition, after
five recycles of the catalyst, the CTC degradation rate still reached 73.61% at 30 min reaction. Therefore, this
study would provide a new insight for the application of SR-AOPs to control antibiotic pollution in water
environment.

Keywords MnFeCu-LDHs; peroxymonosulfate; advanced oxidation processes; chlortetracycline;

degradation
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