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AL TN AT RS b, 548 0 R AR RIPIE B 2 350% PMS B 30— 24k ¥ . JIANG %54 0 T £ 4L
0D/3D NiCo,0,/g-C;N, 5 i 4k, X KB 75V BA many LBRBORM . JINSEG T Z 8 57 B 45 1k
# Co,0,/g-C;N,, £ 60 min PN X PO 38 2 A9 25 B 2R AT DLk 31 90.2%" . TIAN &5 il & T3 2 S 3ok
NiCo,O, L5, 7E 120 min B AT LA & Bk 90% A9 JE AR, SR, 470 K 1912 1 v] i S 0 K R IR B
TR R T5 G

BRIRER (NiFe,0,) /& —Fli LAY p B ik, B SRR/ . AR . &8ss . A2 Atk
G NN 2 s R R o R /TR o e = & A A (K P 8 =Ry S BB N AR R i -3 G A A e SRR ey A
MAE TR, SBUNiFe,0, MG BRI, B 5 (Bi,WO,) HA R 419 A WL M RE 1 Aot
J PR, H4 NiFe,0, F1 Bi,WO, & & H4 B p-n 5 25 4544, mI {2 #F i o 1) 43 25 HLIW 55 NiFe,0, i 4]
RENL, FETHT LY KRR,

AW A A RN, 7E LB W 38 i NiFe,0, Fil Bi,WO, & iU 3] & 4 i 1k 57 NiFe-
Bi-XY, J#fi%E T NiFe,0, Al Bi,WO, M fcfE i b, FIF 7 K BHG/NiFe-Bi-XY/PMS {4 £ H [ fift U
W& iz F NiFe-Bi-73 & A WM &8, nl UIAR & PMS, HETH &1k 2665k
AR RARZE G, ROREE & TR TS B . eAh, ARBFSEH pn 45 ML 5 PMS 3TE
MG, BRI E M Z ML 4 A T RE , HE— 2098 T 76 R [R5 NE 4% 14  A 2= 14) Fe fie 2K
B, EFEAE PMS W | IS TRPILR pH. AL B A e R 2K 3l A B S R — R B R AR 4 B
SEBAE B TR A AL RS E M . A ESR. XPS A i R AR S0 0 SR 4k AR T 2R RO
PMS DA FF H i 3 AEE A 30 WA R ik 2. fea, 4k HPLC-MS X R g 7= P it A7 A I
] B T DU 3 2 ] BB Y R A AL
1 MBE5ERE
1.1 LR

ot — R (KH,S,0,s, PMS). PUFFZ (tetracycline, TC). Ti/K &4 4% (Bi(NO,) ,-5H,0). +
ANt 3 = H LR AL 4% (CTAB) Ml /K A #3512 45 (Na,WO,-2H,0) W 3% F I Vg 2 5o MR A= fb B 4 4 FR 2
Al KA E AR (NICL 6H,0) W3 TR (R fb2=il A Rl 7SKA = 5468k (FeCly-6H,0) It
SEFBTRL T30 (L) AR A SRR GR ER I 25 4 A Ak A X R A BRA R (R, BT A
b B R gt —paifth, EHBMH.

1.2 EHFIRH &

1) Bi,WO, 1yl %5 : LA CTAB M A, FFH K #13  £ Bi,WOg. FRHX 165 mg Bi(NO,) ;-5H,0.
485 mg Na,WO,-2H,0 F1 25 mg CTAB il A 35 mL £ & F /K, FIZIHHE 30 min 5, XFIR A& E R
AEFE 10 min, KA TR 2 100 mL [ W 9, BT 120 C MR Pk 24 h, B AR HE L E O
PAFUIVE , P8 UTTE KB F /KBRS, A 60 °C BEAR HHE 17 H .

2) NiFe,0, 1l 45 : FKHL 2 mmol FeCl,-6H,0 1 1 mmol NiClL-6H,0 il A 100 mL % & 17k fb, i
$£ 30 min, #RJ5Z W MNA S mol-L™' ) NaOH ¥ FL 5 pH W8 2 13 2247, 4k 1 h J5 il o 850 K153 01
VE, FTAFUITE LA 60°C BEAS Bt T, SR 5 S i 7E 500 C 55 FHET 3 h, FHEEE R E N
5Cmin', HRBRHEFFH.

3) NiFe-Bi-XY [l & : ¥ Bi,WO, fil NiFe,0, #& I — 2 1 Ji & b 23 %1 i A %) 100 mL J& /K 2 %
L P RIS 10 min J5HEPE 30 min, B Bi,WO W& T N A NiFe,O, Wi T, i+ 2 h J5 8.0
1 ENUIVE, T3 UITE LA 60°C HEAH it TR o 52535 v Bi,WO, Fll NiFe,0, F 5T 1t Lt 435I oy 5:5.
7:3 F19:1, ig°M NiFe-Bi-55. NiFe-Bi-73 fl NiFe-Bi-91,
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1.3 MRIRIE

fd i Bruker D8 A7 55 15052, X 5H£R 47 5161 (XRD) X SR S5 My gEATRAE . g 7 I 5aRE 5 A8 4
JTCERE AN A, DL Al-Ka R AE ML U8, i ] EscaLab Xi % 35 400 &t X 5 £k 5 fa F g i
(XPS) Ffir i i & o 38 FH UV 3600 Plus 43 5% 0t B 1148 45 45 1 -] UL 8 /i 5 6 3% (UV-Vis DRS). LA
KBr J ¥ 5t, ia | ALPHA Y635 (Bruker) X i 4k 550 i 47 (8 B i AR 0 21 S0 S 33 (FT-IR) Al o A £k 741
(9 T 550 38 3 1 48 H 7 8 0BT (SEM, EM-30 Plus, COXEM) A1 5, 1 B 3 8% (TEM, G2 F20, FEI) #E47
WL, FH F7000 Y65 (HITACHI) Ml i 680U RS (PL). FHLEA HLAK (TOC) P22 X (multi N/C 3100,
Analytik Jena AG) il & 525 J5 S W 90 fE % o KB 4k 2% 75 4 &t (chemical oxygen demand, COD) il
i 4366 B 1 (DR3900, HACH) #4792 o ) FH H I 9 2 9% {1 (ESR, E500, BRUKER) X [ b 2 Fl
HAth 3 P B BEAT RGO . L 0.5 M Y Na,SO, ¥ 1 R FL i i, 76 e A Bt Xl il . A HOR 2t
% (SCE) 1 T-AF Ho M A A v = Ha A 28 48 v 0 i % fL 3 R P Ak 2 BH AT (EIS).
14 FELEBRMEZWERSIRE

A AL 52 56 5K 6 Ak 27 SV %% (CEL-PE300L-3A, H 4 Y5 A FR 28 /1) A hy 5 1y 2 B ok ot A7 4
RN o LA 300 W AR AT VE AL R BH G IR, 569 38 3 1 2 O 30 mWeem ™, 7E it i 56 R i 50 50
W, 85 50 mg AL FIRE 43 EE A 100 mL & BE N 20 mg L B DU RR R TP, A SRS o B PR IR T
10 min LA 3% 2 W2 FfF R0 % 0 SE 45, PMS B JE N 0.2 ~1.2 mmol-L™, Jf H & M #2 d 43 B 5 min B
3 mL B IF I o KRR S 0 I I RO A (3 (HPLC, LC-20A, 553 M PSR R A, ARG
K (1) RO R

A

1- A—)x 100% (1)

0

D:(l—%)xlOO%z(

K. DAMKER ERE, %; A, WFESE WP R WG 5 A, b AN 8] 50 B[R] W ) WO FE
Co WHERV AR MR, mg' L' C, AN [R5 B [B) AV B2, mg L'

UL, XF NiFe-Bi-73 (93 &2 A RESEAT 70050, A ™= 9 im i 129011-6 460 Y AH €233 - 5 1% B
F (LC-MS, “ZHAE) EIE B P N &2 . 12 F H,S0, Al NaOH ¥ ¥ (2 mol-L™") JA 7Y IU R 28 14 Wi 1)
Witk pH, b, B ClI. HCO, . NO, #l H,PO, 4 FhBAES 743 B A 2 U R IF W, 445 F B 2
FHEE 1, 5H 10 mmol- L' 3 MW JEM A, LUK NiFe-Bi-73 Bt o AW IEE MK T i & ik
A R0 0T T 50 1 A R K TE 1 A DO B R VS R TR s G R BR AR, DAVEAR K FH O /NiFe-Bi-73/
PMS 14 2 1) 5 B o FH W 77 o
1.5 JEMYMIEREE

T FIWTTE K BH OE/NiFe-Bi-73 /PMS 44 £ [z 1 ik B2 AN [ Ve A 0 VR T, A4l AN [m] 4 35 50) 5 0%
P By Bh B B N T %, 2k BB B (MeOH, 1.0 mmol-L™"), A T ## (TBA, 100.0 mmol-L™"), X % fi§
(BQ, 1.0 mmol-L™"), L-4{ % f2 (10.0 mmol-L™") F1 H & (10.0 mmol-L™") 43 5| ¥ & SO, F1-OH, -OH,
‘0, 'O, ALK A AR o 38 A A DU AR I A AR RS X PO PR R R BRSO A R, T R e R i
R EZIE YR
2 #HR5TE
2.1 EUFIEMFE

A X AT ST Bi,WO,, NiFe,0, 2 Fi BL{IK I 3 Fh NiFe-Bi-XY & &9 W A1 4 s 47 7 I
W, ZRWME 1) Fron. B BL,WO, BINTH AT UL, 47 5 1 7 T 28.28°, 32.71°, 47.05°, 55.84°Fl
SSSTHYFFAENE, 23 BIXF I A (113), (200). (220). (313) Al (226) &1 (JCPDS 39-0256)!", NiFe,0,
FRAE A7 F 3029, 35.66°, 37.35°. 43.31°, 53.80°. 57.36'F1 62.98", 43l %F i F NiFe,0, Fl i o i)



%5 8 ] PRI.OA . K PHDY/NiFe-Bi-XY 57 B45 i A0 50 A — i B R 14 2 X5 WO B0 3R 1 e gkt i S LB 2513

I s e B0 W—0—W fieal
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NiFe-Bi-91 e 1| NiFeM
22 (1 > (400) (442)(5“) Y —r— |
+NiFe0, a0 | (440) i " Bi,WO,
(113) 1
WBLWO 200) 20 G13) '* \N1—O O—H O—H 3
f\ /\m " ) ) Fe—O )
1 60 70 80 0 500 1000 15002 000 2 500 3 000 3 500 4 000
26/( ) B/em™!
(a) HEALFIRE S I XRDIE (b) AR FT-IR &
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Fig. 1 Characterization of crystal phase and bonding of NiFe,O,, Bi,WO, and NiFe-Bi-XY
(220). (311). (222). (400), (442), (511) Fil (440) & M (JCPDS# 00-054-0964)", 4k, 7E NiFe-Bi-
XY A XRD [&l 1 35 25 #b 7] LA 2 Bi,WO, 1 NiFe,0, i ¢, Ui B4 Ak 770 78 & i FE rh AR 45 2 Ab
PARZEM R SERYE, JFEHAES A HE 4.

Bi,WO,. NiFe,0, #il NiFe-Bi-XY Y FT-IR RAELE R WAL 1(b) fizn o 1E 3 Fl' NiFe-Bi-XY v, 7]
DL I 2] 2 B BR B FRAE I . 2 T 3 404 cm ! AT 1 625 em ! Ak B R UE %\%U IR T K 4 F Hh R 2
(—OH) F FA (1) 1 45 = sl A il 42 202, Bi,WO, B IS IE 7E 400~1 000 em™, ULBH & A W-0O. Bi-O
BRI W—O-W £ XF T NiFe,0, ¥k, 7F 414.5~601 cm™' N AELH] (1 2 ANFAEIE 351 % B T NiFe,0,
B Ni—O il Fe—O #>, Fikgh R EI, A Rl NiFe-Bi-XY A &0 Bi,WO, fil NiFe,0, £5& 1E—ift.

XPS ik K H TR il & AR s R A R AL RS . R 2(a) AT L, 455 BN 158.8 eV

. 158.8 eV 1641eV 709.9 ¢V, 711.8 eV ;376\7]254&/
EEW | E
J\M NiFe-Bi-73 ) ' LLEIE
I 1
I i-
158.9 eV 1 1642V 711 sey 723 8?7\2/5461\\111& -Bi-73
: 1 710.1 eV J_ FR U5
. \ =" Rpcbag
Bi,WO, W
156 158 160 162 164 166 168 170 700 710 720 730 740
255 fEleV HifrheleV
(a) (b)
872.4 eV

853.2qy 8604V 187ASV ko bl g '
A ! 5204 v N300V
15323 eV BiZWO6
855.8 ¢ 880. L

T
529.4ev p8530.1eV -
1532.4 eV NiFe-Bi-73

854.4 ¢V,
861 3%, 26V879.7 eV

AN y " 530.1eV 531.5eV
VY L 7 1535.6eV.
_— a0 ' NiFe,0,
L 1 .I 1 1 1 1 1 1 1

840 850 860 870 880 890 900 525 530 535 540 545
44 fkleV itV
() (d)

2 Bi,WO,, NiFe,0, #1 NiFe-Bi-73 ¥ @ &) XPS [&if
Fig. 2 XPS spectra of Bi,WOy, NiFe,0, and NiFe-Bi-73
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(¥ W Xof B T Bidf,,, 164.1 eV Ak 1 %] 1 T Bidf,,, HH oy B (9 4R AF 1629, Fe2p 19 XPS it 181 (K
2(b)) HA 64N, ARGl 0E 709.0, 711.8, 723.7 Al 725.4 eV 4 N TN 2 A DM . Hrp, 709.0 eV
1 711.8 eV 4b BYIEXT I Fe2py,, MM 725.4 eV Fl 723.8 eV Ab 16 U % 37 Fe2p, ., & 2(c) AT WL, 4%
A AEN 853.2 eVl 872.4 eV [ I 43 HII X B Ni2ps, Al Ni2p,,0% Ak, Ni2py, 439 i F 853.2 eV Al
855.8 eV, IX U [F] I 7E 76 N2 HI NP7 iy &1 2(d) "l LA, Ols A 3 /NI, 1 529.4 eV Ak Ak Jy
GBIt R SRR TR, X T Ni-Fe—0 8P, 530.1 eV &b () HFAE 16 X} 3 Ni—O—H 5, 532.4 eV 4t
4 W U] 2 7K 4800 22 A RRAIE DT

£ XPS FIM T LIRS, EA MR P& TR MBI SR TREANMENAZS . TR
B S, A SR SORBE SO S A N L g, B0 e ) L — 0 B AR A
N SRR REH 7 B R IE 2 T LR, M T Bi,WO,, NiFe-Bi-73 1 Bidf iy 5 {H B 1A n] 2 #%
0.1eV, ZiGaem/N. ULBHH FREEAKR, 2, HEIU RN GREEART R, IFB R 75 AR /N,
Ay A, HL T NiFe,0, B AT HL M T BiL,WO, B9 F4F, B T — NN,
22 EAFIERSH

75 3(a) AT 3(b) 22 B NiFe,0, 40K AF A1 AR 19 Bi,WOy, 1M1 H1 ] 3(c) AT AW SR BIFEE &
HEALFI T, NiFe,0, #1251 4> #i 7E Bi,WO, & 1fi o [ 3(d) W iF— A E BH 2 Ff B fR 22 [] 72 A 1 A5 3 5 A A
HAEH, KRB FAUEIE R T 4. 72K 3(e)~() H, 4P TEM K /9 0.27 nm 19 &4 A% 2%
20 h Bi,WO, 1 (200) & 11 B2, T 0.25 nm 1 0.29 nm £ 8] BE 43 51 %5 ¥ T NiFe,0, H (311) H1 (220) i &
R TEN

(d) NiFe-Bi-73f4 TEME () NiFe-Bi-73 14 54 i &l (f) NiFe-Bi-73 5 i [

3 SEM # TEM RIEZER
Fig.3 SEM and TEM images

23 EAFINAEZRIBUEMER
iz F UV-Vis g — 25k T fr & oAb R o2 it . &l 4a) Bron, Bi,WO, 78 557 BL LA
ARBR WM, el K 32T 464 nm;  4[ NiFe,0, 78 B AN 1] UL G FI 28 A0 6 A JE N ¥ Wl . 16
HAME, & NiFe,O, 3N, WIS T 5 & AR 6 R IGEF . AR 4 Kubelka-Munk (=
(2)), WE 4(b) ME 4(c) Pz, HT Bi,WO, MINiFe,0, JEEIEEFR, Ml (2) I ASEESRER (E,)
J351h 2.59 eV 1 2.63 eV,
(ahv) = A(hv - E,)"" )
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~
B1 WO
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— Bi,WO, —gll:wezg4 . R
—_NiFe,0 NN » v
L2704 —NiFe-Bi-91 . .
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Fig. 4 Characterization of photochemical and photoelectrochemical properties of catalyst materials

— MR UL, HEALRITE PL IS py R B R SS , BERALA DA R T 2 A e T R . BT 4(d)
ATLAA Y, 3 Fh NiFe-Bi-XY [958 B 2 b Bi,WO, 55, 5 B G A v far 18 43 25 0% o vy LA o e 2B 280
T HIRE I B 58 . NiFe,0, (1 58 BEAE 5 N FE S o2 e 85 09, 2 i 3L T 3R 0N 52 ) T X8 56 1 i) i
RE 7 o G HL i A BE BT B FH >k B 58 A1 BE DG 2 TR 2 PR BT . T 8] 4(e) FIEL 4(F) o, 7R G 1k
F A, NiFe-Bi-73 B G HL Ji o B 8 /&, P TE /N, RUDECA B 2 . A I T NiFe,0,,
52 G B R TR R T R, R U B S T TR 3 T NiFe,0, 1 A1 R0V .

2.4 TR ELEMNE

wE 5(a) i, Bi,WO, #£ 30 min PN X PU PR 2 19 25 B R ALK 70.0%, NiFe,0, X PU IR 2 1 2 B R
H80.5% Hf 2 MR E GG, BEMAACRI B, H b NiFe-Bi-73 19 L BRACR ey, w2 U
R EBRF LIRS 91.1%, WE S50) B, £ 4 A5 6 R i — By 3h 11 2% 5 005 4 NiFe-Bi-
73>NiFe-Bi-91>NiFe-Bi-55> NiFe,0, >Bi,WO,. H & 5(c) 7l WL, R4l e IR A/F T ik LRI E,
FALZE ) PMS(42.9%) FIEAL T (48.0%) X PUIA R L BRECREAR . AH LR FHOG/PMS IR &, KEHG/# L
FIFNHEAL T /PMS K R ZBR VIR R M RBCR T &, 4300 T LAk 5 78% F1 83%. X 136 W i Ak 5 T LAAR 4
HWOE R TE B B L, iR BHYEXT PMS MR BUR B 2% . AR, KIHG/ME AL FI/PMS 1K R (1 %
R R R, XU R EBR R 91.1%, XA MER N R T EE AW E
PMS Fil = Az 4 Bl I 1 4 o7 4k W’EFHB’J B, R UXTERADGMEA . TR R FOG#EIL S PMS A1
54 3 PR RBEMR U R BB EAT T R, wI UL, AR SY BTk I O L 1A R 0T U A 2 R i
LES

XM TG Je ) K BRI R AT THRSY, FEAHE PMS W . WIIRVE R pH . Ak 5RH & A0 D B
RO . K 6(a) v, 24 A PMS BI#I 4R EE H 0.3 mmol- L™ #4115 1.2 mmol-L™" B}, NiFe-
Bi-73 X PUFR K ()£ BR R 74.2% HE BN F] 91.1%, X & T H LK) PMS &2 4 £ SO, . -OH
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Fig. 5 Determine the best catalyst and reaction system

® 1 ARMENFIF R TR REROBRITEE

Table 1 Comparison of different catalyst materials for photocatalytic degradation of tetracycline
FEALF) PR WILAWREE/(mg' L") ERBRF/%  ERBREFAE/min SCHCRIR
Sr-Bi,0, CINIR 20 91.2 120 [34]

g-C;N,/Ag,CO,/GO CIRDIR 20 81.6 60 [35]
Fe,0,/MIL-125 £HMEHH,0, 50 97 50 [36]
LFO-HP21 ] WoE+H,0, 10 84.6 165 [37]
MoS,/Ag/g-C;N, af W JE+PMS 20 98.9 50 [38]
Co/BiVO, LHMNE+PMS 40 99.9 25 [39]
NiFe-Bi-73 Al WoE+PMS 20 91.1 30 AHBIFE

SENGPERCY R E A S N Y
VU IR 2R ) 2 B R T % 22 84.1%, X 7]

1. HE, 4 PMS Ik BF4kE
e AT £ S0, &
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Fig. 9 Degradation pathways and products analysis of tetracycline
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Fig. 10 Determination of catalyst energy band and active species
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Performance and mechanism of tetracycline degradation by sunlight/NiFe-Bi-
XY heterojunctions /permonosulfate system
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Abstract In recent years, spinel-type ferrites have promising application prospects in the field of
photocatalysis. However, its agglomeration will affect the catalytic effect, and the construction of a
heterojunction structure can effectively improve the catalytic efficiency. In this study, a series of
Bi,WO/NiFe,0, p-n type heterojunctions (NiFe-Bi-XY) by self-assemble were prepared and used to remove
tetracycline in water. In the sunlight/NiFe-Bi-73/permonosulfate (PMS) systems, yhe optimal removal efficiency
towards 20 mg-L™" tetracycline could reach 91.1% at 30 min, and the mineralization rate was 56.3%. The
constructed reaction system still maintained a good removal effect of tetracycline in an alkaline environment.
For NiFe-Bi-XY, the formation of p-n type heterojunctions was proved by XPS valence band spectra, Kubelka-
Munk plots, Mott-Schottky test and ESR measurements. In this system, the degradation of tetracycline was
mainly achieved by photocatalytic and non-photocatalytic pathways. Radical trapping experiments confirmed
that -O,” and 'O, radicals were the most critical active species during the catalytic process. This study provides a
feasible approach to synthesize efficient binary heterojunction catalysts for environmental remediation.

Keywords tetracycline; wastewater treatment; photocatalysis; peroxymonosulfate; heterojunction
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