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Abstract

Ferrite can exhibit excellent catalytic performance as a catalyst for activation of persulfate, but due
to its own high surface energy, ferrite particles are prone to agglomeration, which makes the cata-
lytic performance decrease. In this study, a composite catalyst CoFe204@PANI (CFP) was prepared
to activate persulfate (PMS) for degradation of Congo red (CR) using cobalt ferrite complexed with
polyaniline (PANI). Systematic characterisation showed that CoFe:04 nanoparticles were uniformly
deposited on the long-chain fibres of PANI; CFP possessed a strong magnetic property of 43.52
emu-g-1, which enabled efficient magnetic separation. The catalytic degradation experiments
showed that the removal of CR by the CFP/PMS system was much higher than that by the
CoFe204/PANI/PMS system. The maximum degradation efficiency reached 99.2% under the condi-
tions of [CR] = 50 mg/L, [PMS] = 1 mM, 0.2 g/L CFP, starting pH = 7, and T = 25°C. Reactive oxygen

species (ROS) quenching experiments showed that 10z, O; and SO; were mainly involved in the
elimination of CR. Coexisting anion experiments showed that SO}”, H,PO, and Cl- had no signif-

icant effect on CR degradation, and CO’ had a slight effect on the catalytic process, which indi-
cated that the catalyst had a strong ability to adapt to the environment.
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1. 5|15

AR, KRB TS G 0] R 5| S T R TAE B AT DG, Jebb K /E N — 28R . HEBCE K75 K28
B, RIKIAEGG G EERIE L —[1]. N T IRBEN R SR E R, 4ERF RIFKME, JFRTTRE. &
B B AT KB AR Y] . IEAR, I BRER BT AR /R PR AR A AT B R, BHEA s £
FEAL R F BOOE S B RR 2h, 91 R H A B S RS0 B AL, X 28 [ AR R A R AR o
AR T [2]0 REBAPREMN =R RE 77w A TERE DR S (0 AN AR 1 A e Aol 3
T B 2R (PMS)iE (3], Peng S5 AHIWFFLREH: BREMAT M AL iy R 244 PMS FIER, AN
& B S T AR I AL TR I I8 SRR Y SN . CoFerO4 > CuFer04 > MnFer04 > ZnFeyO4 [4]. HHT4f MFe 04
AR B AR, A il m T RE, NN FEBERIAEDN, #5750 PMS M IE%E, K
Ko NIk, MMIKRE TR EREAR . BEMR(PANDEA RIFMFREREN . 5T &M, FEWE
HLAT o TR B RO S5 (2] an SR 4% PANT M RF s i, AMLRRE A 208 Bk AR 4K RURL I SR 4R
11 5. PANI FA W A FH 34 BB % Sk S M e A B2 (B 22 v MR A, AT v 28 3 v kLA 6 PMES TiE AL 11
fHEALEEI[5].

ARHWFFAE PANI 2K b 578 CoFe,04 HAKKL Tl % | CoFe,0.@PANI fiEALT . 1E R G STl L7145
R EA b, DAEIRFEGREACATE AR R, IRIT T CoFe,0s@PANI E &S EAFIEL PMS FEf#
CR MtERe MR R, BRI T = AL
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2. SCIEERSy
2.1. SEEKFI S EE

ISR LI BN TR OB, ORERE:, NIRL, REREE, /K MERE, LKA MR,
SENE, TR, HEE, AN, BREREN, BRERAN, BERR SN, BUTEE, WIRER, MRS
H LT T 2R R AR, HISASIr gakA, Fra s & 51K,

SIS AS: X FHLATHAU(XRD, Smartlab SE, HA). i HEL(SEM, %££7]-G500, f&[EH). JRINFE
AREBRTE(VSM, HH-20, FE). EANAT W e H(UV-5100, HE). X B2 EH TR REU(XPS,
ESCALAB 250Xi, £[H)%%,

2.2. CoFe;0,@PANI(CFP)RIE R

H 1.164 g [ Co(NOs):6H,0 F 3.232 g [1] Fe(NOs)3-9H,0, HIAZE] 50 mL (1) 5 F /K HE 5,
BRI Ao FH A I TSCEH L 2 mol/L ) NaOH iFW H. 2 J5, ¥ 0.936 g R ARN A, T
B 25 mL ML B FRPEABRFHEEIER B. K A, B BHIRE, HitHk 30 min 5, BEIRMNES, 7F
180°C Nkidh 10 ho RIMEHG, @S WERHAT 70 8771, M ZEBFKBEG 5 RJGTHT 60°C ) E 25 1
Fa T 10 h, fRIERERES S S G AT CoFe,04@PANI.

2.3. RIRL A kr 2 a0 E

43 BIBCH] 5 mg/L. 10 mg/L. 15 mg/L 20 mg/L. 25 mg/L. 30 mg/L. 35 mg/L. 40 mg/L. 45 mg/L.
50 mg/L RIRLLIER, FHB A - 5 EETHE 4 = 664 nm 2 EIROEREE, BT HARA 53] 50
mg/L 1) CRIFHIRIE(C) G (AR R MbRUHEIIZE, WIE 1, LYK RECH R? = 099903, F£H CR
TSR E SRR ARG R . WOrT LI 54 - 70 e R TSRk A7 I 5 VA R B2

1.0
Tt y=a+b*x
B35 B
BUE AL
AR 0.03659 = 0.00589
0.8 | 7= 0.01848 + 2.02852E-4
BRZET TR 4.96071E-4
® Pearson's r 0.99958
> R-F )5 (COD) 0.99916
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Figure 1. Absorption standard curve of Congo red solution at 50 mg/L

1. JREEA 50 mg/L MIRLLIRRAD IR YSTAR AR BR 2%

2.4. {ELPEMRSTIE
M| BT (CR)WI PR SIS IITE 250 mL FEMF At T, RASEF DI s et T his, %k EN 320
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r/min. CFP FJ4 N4 0.20 g/L, PMS N 0.5 mM, SEIEEE T=25C, pH=7.
BEED IR HL 200 mL $ERTFECE ) 50 mg/L (1) CR AN E] 250 mL (FIReFF A, AL & PMS
AT IR, REBG LB i T b rp, PR RAE LG 5 LIS 51 CoFeOs@PANT PARIIE AT U R

W, JELEAIN- O EETHE 4 = 664 nm YKL EROLEIIFC . v 7 HE T CR FREE, RIE
50 mg/L ] CR IR FIARAE i 20 I B BEAT L R. CR Y L BRF 1% A (D) RAIEAT 5
R=(C -C,)/Cyx100% )

e, Ry GO Co S BIAEHLIE R 2R AR BRI IR
3. ZRE5iHR
3.1. BHERAESH

3.1.1. XRD 43#f

W15 CFP FE S X SFFRATH R LI 2, AE 2(a)rTLAE H, CFP HIfTHTIEYIBE S CoFe 04 A%
N, TE20=18.3"1 30.1°\ 35.4°, 43.1°. 57.0°. 62.6°H1 40.7° AL ¥ Firf fiT F WS e 5 CoFe 04 ] PDF K K
(PDF #22-1086) (U AN N, He&h AT SHIE 4> A T (111). (220). (311)~ (400). (511). (440)F1(533), 4
R CoFerOs Wi & e T HRARNEAR G R EAY), HaRmMERZ, £ T XRD K, 3
FTSTEAR B, 8 TSR MIE, W AT S5 ROR I XRD WAL A7 B X M.
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Figure 2. (a) XRD of CoFe:04@PANI and CoFe204, (b) FTIR spectra of PANI and CoFe204@PANI
[&] 2. (a) CoFe204@PANI F1 CoFe204 B XRD, (b) PANI 1 CoFe:0s@PANI B8 7 I HRLT S i

3.1.2. FT-IR 34

TEA B M2/ ETE AR B R, X CFP B & & B B TR, anf&] 2(b) AN [H LL A PANI (1) CFP
i fLLAM R, RN BILE 3448 em™! (1) FE U2 AR PR R 7K 43 1) O-H M ZE4R 3N . 1636 cm ™! b X i
RR T oo I N-H & dR20, 1589 ecm ' A2 FRIF C=C H4E#Ra0. 1501 cm ' &b AZRIN C=C 145
PRsh. 1301 em ! A S ARIRAE R IE DS BIR C-N AHZEHRINA 1242 cm™! AAZEIR C-N (H45Rsh, 1F
829 cm ™! Kb B AU BOW AR T A AR A2 1 C-H BEASTE[6], 38 ORI IIRHIENE . X FANEB %L
Bl S MR AN R, RS20 PANT FD6IE—3, XRW T PANI 5 CoFe,04 AT 24 A
SO SRR AR S 188G s IRAE 800 em ™! LR ST 5 R AW EAA T 1) CoFe,04 515755114 5[ 7], 586 cm™
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WK 5%

A ARZFFAEIE AR T Fe-O 88, UiHI T RANEE CoFe,O4 MG 77 AN i JE U5 [8]. CFP MIfH 5
WL A0 e o 2 R VRS N2 S5 44 LA 1 PR

Table 1. FTIR spectra of CoFe204@PANI
%2 1. CoFexOs@PANI R {8 BRI 4M i

R (em™) X R 45
586 Fe-O 4
829 1, 4-ZHURKRIR C-H 4 i)
1242 IR C-N 4R 3h
1301 F5 B C-N ARG (55 28 AR 1 )
1501 C=C P 4i#Rzh
1489 FRIR C=C {4i#%3)
1636 -NH 2 i #z3)
3448 -OH 4R 3)

3.1.3. TEM 947

N T IR T ARETH Y CFP GRS MRS, WIE 3, TENURCAFME R FET T TEM M
HR-TEM ik, 404 3 A LLR B[R R SF40AR ) CoFeaOq 1R 25 5 UIARTE PANI 344 F. 78 CFP K2 9F
Z TEM EEH, PR CoFerOs GKFIRLI df A S5 44 FH-F-THI W) d [AIZEA 0.2538 nm [¥7 BT &A% 2R S0 2
TNy SRS CoFer0u(311) FTHIAHNT B WL FE 3(d).

CoFe,0,

Figure 3. (a)~(c) TEM images of CoFe:04@PANI at three different magnifications, respectively, (d) HR-TEM image of

CoFe204@PANI
3. (~C) DR AZMARRMAZET CoFe204@PANI #J TEM [El#&, (d) CoFe204@PANI &) HR-TEM El1%
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Figure 4. Magnetic hysteresis loops of CoFe204@PANI and CoFe204
[E 4. CoFe204@PANI. CoFex04 HFiiH# B4k

VSM BEAE RGO R A 28 K b R 6 A B2 735, WL 4. M 4 HPaT U H, CoFe 04 i1 CFP
HIVEATREACAE 53 7 51.8 emu/g F1 43.52 emu/g, X AIREEN CoFeO4 14544 T PANI, ffi CFP HIFIRELL
E R A, CFP ARG R MmN, v L e i R85 W B I FR 2, 38X CFP 40Kk E 644
BT TGS Bk, il 4 FroR, g5 RR ARk AT TE 30 s A 58 B 20 5

3.1.5. XPS 2R

T EHERR A E CFP b2y, A X ST Z0G T RE iR (XPS) /AT He R ifb 22 i, WA 5.
M E AR 5(2)fT~, CFP HI{E(E Fe. Co. Ov N JGE. MR4E Fe 2p Yeilind 4~8(b)Fi7R, Fe2p Jtilk
1E 724.56 eV Fl 711.11 eV KbBIHANF20E, 53 AIVAET CFP H11 Fe 2pip F Fe 2papn, AHMN 1) TR WAL T
719.19 eV 4k, KW CFP KIH G Fe* {715 A Fe> f#1E . &l 5(c), Co2p it AT 780.37 eV il 796.20
eV AN B SCBE 0%, 23 H)5 Co 2P3p Al Co 2Pip %, 1E 786.74 eV Al 802.3 eV kb4 /AN
M)A, X2 CFP RINAH Co* fEE. Co NEERMA JJUEHE9]. ¥ 5(d), O 1s &AL T 530.6 eV,
WG, R HS RTE 530.19 eV Abdbg I A G RELLAE 531.83 eV AL H,O 1 O [MZE-&RE, T
CoFe 04 fE N CFP 1 g S IR IF[10], XPS 25 FUE M HIIESE | CoFeOs fFER M TE K, X5 XRD. FT-
IR 1 TEM 45 53—,

Al o B R RIS T PANT 3258, PANI 4514 1938 A [(-B-NH-B-NH-) Y (-B-N=Q=N-)1-Y]x, HH
B RFERT CeHs Fh, Q RRERTIN] CoHy Fho I P [E %(=N-)I 5 T4k, PANI 1] LLIA R & S HIRE,
AT DU I P fri 5 [ 60 (-NH-) 1) S8 AR TR B i T HOIRES o X ST Eot LT REE AR v e B vPAN SRR IZ & P AR
FEE RS A TR, WK 6. W 6(a), N 1s Jeilb)Eugn] DL g PUAN LR, -N=F1-NH-Fix} B
(R SAL T 398.22 eV Al 399.20 eV, 7£ 400.33 eV. 401.50 eV fLHE, FHI TR 7] 23 51 VA P45 1E H i
() B A ——F AN 5T TV JiZ 1) NS A A A R Ty 1 i er, A4S WIZR 2L G4k - SO; J: A1 SR
AYERE B IEHET R Z A ES A EER[11]; C 1s Yeilt A7 284.80 eV 1 C-C/C-H Al 285.19

DOI: 10.12677/nat.2025.153009 81 WK A


https://doi.org/10.12677/nat.2025.153009

5
Survey (a) Fe 2p (b)
Fe 2p,,
Fe2p,, 711.11 eV
u‘C()Zp
~ Ols - /
5 Fe2p = \ Satellite peak
& & 719.19 eV
£ \ £ A
2 2 |
2 Cls 8
= = |
Nis \ :
1
e ! |
! 1
I ! !
L L L L '] L L L II L : L : ']
1200 1000 800 600 400 200 735 730 725 720 715 710
Binding Energy (eV) Binding Energy (eV)
Co 2p Co 2p;), (c) O1ls . (d)
780.37 eV Lattice Oxygen
530.19¢V
—_ Co2py, _
3 . 796.20 eV =
':; Satellite . <
; 803.18 eV E:
g g Adsorbed oxygen
3 8 531.83eV
= =
=] —
| |
1 | :
1
: ! ! I {
| : | I | ]
M 1 : 1 [ 1 g :- 1 1 1 1 N 'y 1

810 805 800 790 785

Binding Energy (eV)

Figure 5. (a) XPS full spectrum of CoFe:0s@PANI, (b) XPS of Fe 2p in CoFe:Os@PANI, (c) XPS
CoFe204@PANI, (d) XPS of O 1s in CoFe204@PANI
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Figure 6. (a) XPS of N 1s in CoFe204@PANI, (b) XPS of C 1s in CoFe204@PANI
[& 6. (a) CoFe204@PANI 5 N 1s B9 XPS, (b) CoFex0+@PANI & C 1s B XPS
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TR 55

eV [ C-N/C=N, 7 284.80 eV AbHI 5 — 450 1R T 2R &M 8 iy bt C-C A C-H [ 12], £ 285.19
eV AR LUH KA F 5 i P EUR T45 410 C-N Al C=N, IXPIANMISR AR R[13]. XPS Yttt B 5 FTIR
—3, KM PANI Hl 4 ) .

3.2. BRERSEEE ST ELRERERI R SEL

3.2.1. FEMS R PEMRRIRL

NIRFT CFP IAEAEN T4 R AL MRS 5em, 730l dk4T 1 40 PMS %% CR. 4 CFP [%fi# CR
1 PMS/CFP 4b#E CR =A%, 18 7(a)ffis, £ CRIKE N 50 mg/L. W pH="7. EWHEN 200 mL.
SRS EIRAE T=25C4M T, =REX T MM CR KRG HEZ . £ 15min i, 4l CFP {& R4
PMS 1A Z %} T CR 253 43 714 25.32%11 54.83%, i PMS/CFP & &, XF 1 CR [ L BRFIEE] T 94.28%,
Je4li PMS 1R R 2 5 F14l CFP R R 1) 3 %, 1XFKE] CFP MI/E(ERE I B2 PMS FEf# CR. IRIEIEA
A1k & P AL MR CR XFEE, 1EBH CFP {4k PMS SEHL 1 4 CR MIm R R L. AN EF&, wfsimid
ARSI (1) B IHVER; (2) CFP {4k PMS /KM P 2E B el 4 A E i3 (3) WIHIEHT .
H R 2 54 8 hER AP E [ 14].

3.2.2. FERY pH R T X CFP fE 4k BEARRI SR LI RO

N T HEYIEWE R pH X CFP fEALTEYERI M, W 7, 7EMAFIFESR 0.20 g/L. FMAHEN 1
mM. CR KN 50mg/L. WA 200 mL. LI ERE T=25C%M4 P AT MMM, pH R E 1Y
Bl 2~9, Wl 7(b)FizR, pH=7 &M TH, ElH CR MEBRERE, Mk 99.82%. MIEHH pH
ETHEE, B pH 7E 7~9 MG, 15 min B CR I EFRZEW I 96%. 1£ pH #F—PF =% 11 B, CR [
LBRFAIA 86.54%. MHELZ N, MW pH & TRRTERS, fEILPEM CR FIRCRIA R T, HEEE pH IF%
1%, MEALFRMRRRIBHIEAR, (HAE pH=2 I, 347 85.37%MEMF, ik, B KRB, CFP i
W Re RAE R AF A TE Y, 0 T REBR T 52 88 1t m,  7ESERRI) Toli5 /KA B A 3 BRI 7).

Lok (a) —=— CFP/PANI-50% wl (b) —=—pH=2
’ —o—PMS T —o—pH=5
—aA— CFP/PANI-50%+PMS —o—pH=7
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Figure 7. (a) Catalytic degradation of Congo red in different systems, (b) Catalytic degradation of Congo red by
CoFe204@PANI within different pH solutions
7. (a) NEVFR THEWERRIRL, (b) CoFex04@PANI ZEAR[E] pH A& I (L BERRMI R4

3.2.3. FEIRIREALT R B X AL AR R SR B oM
RIT T AT T X AR CR RGN, DL SRAE DR 15 o R B g 14 [ I P IR A B AR
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W4 8. CFP/PMS 1A &, EEALFIHEN I mM. CRIKE N 50 mg/L. BT E N 200mL. S5 =R
JE T =25C4MF. W7 T4 0.02~0.30 g/L JEE PN CFP & X AL B# AR CR s2mT, 4l 8(a) i, B
# CFP [HINEM 0.02 g/L 303 0.20 g/L, T CR IEBRFEM 78% 75 HFE ] 91.1%. 95.3%. Fl
99.2%, 2% [ 2 i A5 PR A 77 (000 FH) R 398 o 2 BH B9 00 AR B & T DUBR =0T CR [ B, IXTTREZ
DRI A A 7] P 2 P o A A5 P A A S P RO 38, s 7 PMIS 724 ROS HIRER, FEAETE L 1iG
PEAW 102y O &5 TS MEALTITE 0.20 g/L FIFERE F 4R SE8E M 3N &, CR AU RFRRIFBA FEahm, X
ATREVEI 0.20 /L HIMEAL TR A B AL U8 SEEHURHA T CR 4Bl 5. W& 18 CFP MM RER IR R A
K2, #EF# 020 g/L 1) CFP N fERINE .

3.24. SUFIHRE

i1 PMS J& ROS )T Z AL YR, Kt PMS WKJEAE CR MR i EEAEH . /£ CFP/PMS &
A, AR 0.20 g/L. CRIKEAN 50 mg/L. AR N 200 mL. SEIG=ERE T=25C4&MFTF. I
8 FRIE T AIF PMS W (U1 0.04 0.125. 0.25. 0.5, 1.0 Al 2.5 mM)* FEAR R0, L 8. Gnl&l 8(b)fr
JRo BEFE PMS WJE M 0.0 mM HA03] 0.125. 0.25. 0.5 F1 1.0 mM, % CR FITEFR IR IR 36.2% 2 =
£ 89.8%- 95.9%. 98.2%- 99.2%, ULBAIRII/DE) PMS wifE & 1 A CR FIRLHR . 24 PMS (iR
N 1.0mM Ff, CR EBFREH.

(b) —0—0.0mM  —@—0.5mM
~—0—0.125mM —0—1.0mM
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Figure 8. (a) Catalytic degradation of Congo red with different CoFe2O4@PANI dosages, (b) Catalytic degradation of Congo
with different PMS dosages

8. (a) TG CoFe20:@PANI FI=ELBERENIRL, (b) AR PMS A= LIERERIR

325 XEHEBF

SEBR TR 7K HR AN [ O 8 - R AR TE 2000 Aot e 7 A KSR, WLIEL 9. 2R T A8 eI T4 CFP/PMS
A4 CR MRS, 8 7 COZ . SO « H,PO, Il CI” {E AFAF I = T Wil 9(a)fi7s, £ CFP/PMS
&, BEAFIHE 020 g/L. FULFIHEN 1 mM. CRIKEAN 50 mg/L. EWHE AN 200 mL. 256
B T=25C&MF, EHEBFARMN2.0mM CO . SO . H,PO, MCl J&, LBRFSHM 99.2% %
95.5%- 72.7%- 96.4%H1 94.9% . 45 H o, ANEI I B B 70t B ik R 7= AR AN R BE R mi . o, SO% o
H,PO, FI CI” X} CR BEFEEA A RN . CO; PRI R, BEAS AL I FE 1 )5 T R CO;™ 5 80;
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Figure 9. (a) Effect of different anions on the catalytic degradation of Congo red, (b) CoFe204@PANI cycling experiment
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Figure 10. Radical trapping experiment of CoFe20s@PANI
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