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Abstract: Magnetic nanoparticles (MNPs) catalyzed Fenton-like reaction has been widely applied
in degrading organic compounds. However, there are few studies on the difference between the catalytic
performance and magnetic recovery performance of magnetic nanoparticles under different Fe*/Fe* ratios
(molar ratio). In this study, three kinds of MNPs with different Fe*'/Fe’* ratios were synthesized by
co-precipitation method, and then were used as catalysts to degrade ethidium bromide (EtBr) in a
Fenton-like system. The effects of pH, catalyst dosage and H,0, dosage on the catalytic efficiency of the

system were analyzed, and the reuse performance of the three MNPs was discussed. pH had a significant
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effect on the catalytic efficiency of the system (p<0.03), and EiBr was also degraded to a certain extent
under alkaline conditions (degradation rate was 38.48%). MNPs with Fe’*/Fe’ ratio of 2: 1(MNPs-A) had
the best comprehensive performance. Under the optimal conditions (pH of 3, MNPs dosage of 0.5 g/L. and
H,0, dosage of 0.05 mol/L), the degradation rate of EtBr reached 98.97% within 4 h, and the degradation
process conformed to the first-order kinetics (k=1.143 9 h™', 17=0.998 7). The MNPs-A still maintained a

catalytic efficiency of 65.49% after five recovery cycles.
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Fig.1 Saturated magnetism of MNPs-A, MNPs-B and
MNPs-C before and after reaction
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Fig.2 XPS profiles of MNPs-A, MNPs-B and MNPs-C
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Fig.3 XRD profiles of MNPs-A, MNPs-B and MNPs-C

2.2 EFWME R EBr i RS

2 EtBrif N 100 mg/L MNPs BT~ 0. 5 /L,
H,O, 14 0. 01 mol/L.pH Ky 1. 9~2. 1 B}, 53k
SR N SR S RN 4 s o AT LA AN
B SATTS | EtBr B i HUORAAAE — o 25 57, Horp R
VNI HCLZH 1) ExBr v B R T B, 17 28 250 sz o 14 3=
SI 56 2H 1 EtBr B ik 3 8 05 5, 6 h ST Y R SR R A )
(53.70+5.24)% , ‘@ 3% fm T EtBr+MNPs+HCI 21 (1)
(14.67+4.20)% F1 EtBr+H,0,+HCl ZH 1% (10. 39+
3.91)% , #EM FT 3 EBr ik AR E A T
MNPs 2 18 17 1 £ 07 0 W B0 P i /s 2 AT e 32 22
JE W TR SR 1,0, A958R S A T 41 S 56 %
EtBr 9 B 0CR 1) il 25 T MINPs f A i) S AH 2R 28
TS5z 0 A 28 7 A 11 - OH 238 5 AT X B (1) 4801k

+ 106 -



www. cnww 1985. com

EER 5 Fe/Fe™ 3 MNPs 4§ 4L 240 5L e eDROME RE 69 % vf

B
12
0.9
S 06

—o- EtBr+HCI
—&~ EtBr+MNPs+HCI

—+= EtBr+H,0,+HCl
——EtBr+MNPs+H,0,+HCl

0.3

0 1 2 3
t/h

B4 A RBE ST EBrbEmR R
Fig.4 Change of EtBr degradation rates under different

reaction conditions
2.3 SRR FERE EBr R E R
2 3 il MNPs 73 3 £ O AL 5RI S, 208 1 pHL
MNPs #¢ & H,0, ¢ B2 45 D 28 X8 24 S5 Sz N ¥ ik
AP . 25 H0, B4 0. 05 mol/L \MNPs il
N 0.5 o/ LI, pH X2 S5 s A 28 800 4 2 )

ULIEL 5. pH JESE M EiBr #9235 R . B A

F, Y pH A 2. 5~4. OB, RGEXT EtBr i B i 14 R
19 AR CE 467 %8 60. 53%~80. 00%) , Ifif 1
P4 1F (pH=6. 5~8. 5) F EtBr JL-F- ANF#ff . (HATE
=&, MNPs i 1k & 48 78 6 M 55 1 (pH=10. 5~
11.0) FHUS T BRI R ROR | Al 32 7T LUK 3]
38.48% (MNPs-A4) .

pH BT Sk 25 1) 2 S50 52 o7 4 i 56 1 o (A
FUHA ) 52 M MINPs 2 T8 8 £k s A8 B9 345 P 52
ST R, I AT 5 R B - i AR AR T 5K R TS e
BTN flhn, R Fe 1 B2 5 H,0,
S A B Fe (IV) s [T B A 52 2 B Fe (V)
BLLL v a] P A A, O B 28551 S )iz I JC W
WIMEIAER] . ARF5EH, pH X EtBr B4 1 52
ATAES LA R A 1 58, pH &5 MNPs H Fe?
RV R 5 LR, AR AN TR) pH S RN, 2855 e iy 7
A= BTG P E AN S AN TR, HL A I a) 8 5 E 7 22 AR
Ko B, ZEI5F10 S 1) 5 A pH Y BN AR Y
42.5~3.5, AT ABFFEEE 0 250 20 5 1% pH
AR AHARTFSE T, ZE08 P S5 4 T WL £ EtBr
{3 A , X TR AR I il TP AR D Bl 3 2

%394 H21M
pH:
------ <2.0 --w--5.0~6.5
—0—2.0~2.5 ~© 6.5~7.0
-a-2.5~3.0 ----7.0~8.5 --0---10.5~11.0
12} ——3.0~40 --0--85-95  —o—11.0~11.5
: --+--4.0~50 —e—9.5~10.5 --<-->11.5
_‘D:.j_'_. """"""" -,

<
3
0 1 2 3 4 5 6
t/h
a. MNPs—-A
pH:
------ <20  -=-50~60
—o—2.0~2.5 v 6.0~7.5
1.2 ca-25~30 --2--7.5~85 --0---10.5~11.0
—v—3.0~4.0 --©---8.5~10.0 —o—11.0~11.5
--4-:4.0~5.0 ——10.0~10.5 --<-->11.5
1.0 T et e
- 08
g
S
0.6
0.4
0.2
0 1 2 3 4 5 6
t/h
b. MNPs-B
pH:
------ Q0 w=-45-55
1.2 —o0—2.0~2.5 ©5.5~6.5
42530 -3-6.5~80  --e--10.5~11.0
—v—3.0~4.0 -----8.0~9.5 —o—11.0~12.0
--4-4.0~45 —e—9.5~105 --<-->12.0
1.0 o 3
& 08 G Eﬁ——ﬁs.—‘\? Ebo
0.6 K<<“ --------------------
\'t __________ N . .
0.4 T
0 1 2 3 4 5 6
t/h
c. MNPs-C

B 5 pHxtEtBr & AERE M
Fig.5 Effect of pH on EtBr degradation rates
MNPs B XS EBr B 5 A 5200 WA 6 Fr s o
AR, EBr G fif 8 A5 AL R B8O iR — RE Y N
FAAEIEAHSR K R o A5 pH 2978 3 \H,0, 801749 0. 05
mol/L 2514 F , 24 MNPs—A 8+ R 1 /LI, 4 h N
EBr ({5078 4 98. 97% , HLI RifF & — 2 sh J12¢id

+ 107 -



%3945 £21H

OE 4 K HE oK

www. cnww1985. com

FE(k=1.143 9 h™',r*=0.998 7). {HH {5 i) MNPs %
T X B i ExBr A 42 R I IE R BR A . HEI02 Hy
T MNPs i it b -5 300K R N Fe fE AL 45 5 mi i
W2 AR FEE R N B EAT SO RS 2
TR, SRR R TR R (H S S5 A s E
TR A, 2k 252 41 12 MINPs 3500 K AS P62 1 1R
PR, dAE6(h) ()T LRI, AL 5 % 18
RO ZETE A I 5250 25 T /Y S MNPs 51
imh0.5 g/l

MNPs #& it - MNPs $ it :
=0.1 g/ =0.1 g/L
—0.2 g/L LOk —0.2 g/L
~0.5 g/LL 0.8 FiN ~0.5 g/LL
—1 g/L <06 b . —1 g/L
«2 /L < Az w2 g/l
So04f o\ ——
T 02} Ty
3 4 5 6 01 2 3 4 5 6
t/h t/h
a. MNPs—A b. MNPs-B
MNPs it :
LOK 0.1 g/L,
& —0.2 g/L
08 ~0.5 g/L.
s 06 —1 gL
S 04 L2l
0.2 e
0 o = - 2.

01 2 3 4 5 6

t/h
c. MNPs—C
E6 MNPs3RInE 3T EtBr B AR i E 0
Fig.6 Effect of MNPs dosage on EtBr degradation rates

H,O, 4% il i X EtBr B fiff 58 (4 52 1 40 ] 7 BT o
FE pH 2920 3 MNPs BN 0. 5 o/ LIS bl
H,O, B i A 5 i, B 44 b 45 21 I 7 o R 35 A AN [
TR A48 . AR 1,0, 80 X5 MNPs—C 41 EtBr
W Al SR IR S M0 A (225 (>0, 05) , [H X MNPs—A ZH Al
MNPs-B 41 #4142 5 (p<0. 01) , H 2 H,0,#n
IS 0. 05 mol/L Ji5 S W i AR A . X I
H T H,0, ¥ B2 Fl - OH 1Y 7™ A i AE — 2 Yo I N S 46
PEOC R H Y vk B S s B S B R R
H,0, 7 B8 AR A% 2 s 07 149 37 B 711, 40k i S 380 3 I iy
A N PR L R A R A R A HL0,
R 0. 05 mol/L,  [RIHF , AR 45 MNPs—C 41 11 2%
AT DAHED , B () Fe? L AT Bl T 52 W B Pk 1)
LA T BT X 5 E T S5 AL PR
L

H,0, s : H,O, i :
=-0.002 mol/L +0.002 mol/L
—0.01 mol/L. *88; mo}jk
~0.05mol/l. T I\, -0 mr(r)ll(;L
_ ——0.1 mol/L. \ --------- l.

t/h
b. MNPs-B

H}hf&ﬂﬂﬁ:
=0.002 mol/L
—0.01 mol/LL
+0.05 mol/L
——0.1 mol/L

¢. MNPs-C
E7 H,0,3RmExt EtBr B iR B 50
Fig.7 Effect of H,0O, dosage on EtBr degradation rates

2.4 Fe/Fe Xt M EiBr R =M

BEXF Fe™/Fe X S5 f v 4 22 M BE 52 Ml , L
BT e R N 25 (pH 2928 3 . MNPs il 4 0. 5
/L HO,$H1& J9 0. 05 mol/L) FIHH I 55124 (pH 2 Ky
10, HoAx Rl e R 4514 ) ™ ATl i AL X ExBr B A 5%
s, LI EE R A A RN AR 3 F
6 Ak 0 X EtBr 34 A7 A8 09 4 6 2% % [MNPs-A |
MNPs-B, MNPs—C #H %} EtBr 19 [ f# 2 4> % K
(93.50+6.12)% . (82.64+15.08)% £ (86.93+
12.97)% ], FL 9k MNPs—A [ B fif 340 8, H 38 3 3L
Bkl AREMN = HZRAREES. 5—Jrm,
TERRPE S F T 3 Fhfi Ak 700 (0 fhE A SSOR S AR XA
A MNPs-A 114 (42. 94+14. 20) % [% I 3] MNPs—C 1Y
(22.10£15.38)%. X ULWAGHIESAF T Fe''/Fe* AT L
R AR CROR . BRILZ Ah  Fe/Fe? if B 355
M e 790 17%) B 4 B DAL bt 4 000 G R s — 2 5 i) )
MNPs [14 i [T USCPE RE RN 2 2 FH S R e 1 o
2.5 MNPs ¥ F354 R 5 FEAF EiBr FRE 1%

MNPs 7 208 0 B 1 e s ) L o 52 A FH Y
K % . MNPs—A .MNPs-B #l MNPs—C 7F 5 K1
PR 2k 7 P AL P A EaBr OO AN IR 8 s . I
M1, MNPs—A . MNPs—B Il MNPs—C 223 5 YR A 2R i
FHJG X5 EtBr (14 B i 52 3 51 B 99. 62% .91. 84%
96. 32% &AL & 65. 49% .69. 61% .63. 54% . i it XL
& e K 3545 H , MNPs—A [ %% 5 MNPs—B .MNPs—

+ 108 -



www. cnww 1985. com

E AR, Fet P AT MNPs AL 3547 B e D BOME B 69 3% v

Vs

%394 H2H

C 1 B i R AE T 4 WRAG 3R rh S 7 10 35 25 577 (p<
0.05). LLAk,3 Bl MNPs [ I Fif Je #6146 1 1% 150 3¢
W, B SR MNPs—C HA i = I W) iR 008 2% B (R Rl
SN EAT , MNPs—A B H ek e AR I, 3 ]
f MNPs—A HAA 5045 19 8 5 R AR e . L, A
9 3 Bk L MNPs—A 9255 AR I A o Bl 1T
UELHE T, MNPs I A 80R 2 TR AR, 33X n] fig 2
FH T MNPs (9450 2% RV AL s 07 TG P8 55 25 6 5
|, BRI, A A MNPs 78 28 351 4 1k 521
Hh R, A R M A

1.0 1.0
- e
S 05 S 05
0 400 800 1200 0 400 800 1200
t/min t/min
a. MNPs—A b. MNPs-B
1.0
S 05
400 800 1200
t/min
c. MNPs—C

B8 MNPs-A MNPs-B#1MNPs-C fEERE 1k FE A% EtBr UL B
Fig.8 Effect of MNPs-A, MNPs-B and MNPs-C recycling
on EtBr degradation

%8

AT 3 MO [E Y MNPs, & B Fe™/Fe 1] fi %
2 R g P 40 K UKL B R PE B, He P MNPs—C O 9) 4R
T 30 %5 3 e K, {H MINPs—A 78 2R I () Bl B o 1 e
{1 o AT EtBr B A 52060 T SR A 2 SR R A
4 : pH=~3 . MNPs £ i1 5 4 0. 5 o/L H,0, ¥ il & K
0.05 mol/L. i#F— LR LI, A A Fe''/Fer FELHY
MNPs EACBORAEAE—E (022 57, Ho MNPs-A /E R
R AT AT A S5 A A R (4 h DY i 232 58 3]
98.97%) A0 5 HAL IR BUANAAAE i 3 25 7. ()
it S IR B M 25 A 288 250t sz 0 Al P % EBr #E 4T
—E R RS R TE MNPs-A i fiAL 251
T, EtBr i B R 0] 1k 38. 48%, 2. % = T HiAth i fk
Mo G35 LS WA AR R B4 Y B R R
PER WG B MNPs , F¢ 512 Fe*'/Fe* 2 2: 1 1Y) MNPs

3

AR —Fh IR A B AL A ) RERE I T A
EH LY A

SE -

[ 1] 7BkE2E BRille, VAR, 55 . Fenton S AL LA K thEL
WL 2,3, 6- SRR EELT ], PE gk HEK, 2022,
38(13): 78-82.
FENG Guixue, CHEN Yan, SUN Shaohua, et al.
Fenton oxidation for degradation of odorous compound
2, 3, 6-trichloroanisole in water [J]. China Water &
Wastewater, 2022, 38(13): 78-82(in Chinese).

[ 2] BRILLAS E. A critical review on ibuprofen removal

from synthetic waters, natural waters, and real
wastewaters by advanced oxidation processes [J].
Chemosphere, 2022, 286(Part3): 131849.

[ 3] XIEE, ZHENG L, DING A Z, et al. Mechanisms and

pathways of ethidium bromide Fenton-like degradation

by reusable magnetic nanocatalysts [J]. Chemosphere,

2021, 262: 127852.

Bk, i . AR KA B R S IRBL ], b

SRR, 2017, 29(9) : 981-999.

.U Lai, HU Chun.

(4]

Heterogeneous Fenton catalytic
water treatment technology and mechanism[J]. Progress
in Chemistry, 2017, 29(9): 981-999(in Chinese ).
PEAT I 4R, T R . RIT IR A AR | B
BLAWFFE ke [T ). IhBifhss, 2022, 41(6) : 1843-
1855.

HOU Linmeng, QING Hua, JI Qinghua.

(5]

Research
progress on catalysts, principles and mechanisms of
Fenton-like reactions [J].
2022, 41(6): 1843-1855(in Chinese).

KOUHPANJI M R Z, STADLER B J H. A guideline for

Environmental Chemistry,

L6]
effectively synthesizing and characterizing magnetic
nanoparticles for advancing nanobiotechnology: a review
[J]. Sensors, 2020, 20(9): 2554.

[ 7] MANDIC L, SADZAK A, ERCEG 1, et al. The fine-

tuned release of antioxidant from superparamagnetic

nanocarriers under the combination of stationary and

alternating magnetic fields [J]. Antioxidants, 2021,
10: 1212.

[8] HE Z Q, GAO C, QIAN M Q, et al. Electro-Fenton

process catalyzed by Fe,O, magnetic nanoparticles for

degradation of C. I. reactive blue 19 in aqueous

solution:  operating conditions, influence, and

mechanism [J]. Industrial & Engineering Chemistry

+ 109 -



%3945 £21H

OE 4 K HE oK

www. cnww1985. com

(9]

[10]

(1]

[12]

[13]

[14]

[15]

Research, 2014, 53(9): 3435-3447.
TAHARA H, YAMAGIWA Y, HARANOSONO Y,
et al. Time-course changes in DNA damage of corneal
epithelial cells in rabbits following ocular instillation
with genotoxic compounds[J]. Genes and Environment,
2022, 44(1): 14.

RAMANA M M V, BETKAR R, NIMKAR A, et al. In
DNA  binding studies of antiretroviral

vitro drug

nelfinavir using ethidium bromide as fluorescence probe
[l
Biology, 2015, 151: 194-200.

NKURIKIYIMFURA I, WANG Y M, SAFARI B, et al.

Temperature-dependent magnetic properties of magnetite

Journal of Photochemistry and Photobiology B:

nanoparticles synthesized wvia coprecipitation method
[J]. Journal of Alloys and Compounds, 2020, 846:
156344.

BAGUS P S, NELIN C J, BRUNDLE C R, et al.
Combined multiplet theory and experiment for the Fe 2p
and 3p XPS of FeO and Fe,0, [J]. The Journal of
Chemical Physics, 2021,154(9):0947009.
WANG Y, GONG Y S, LIN N P, et al. Enhanced
removal of Cr( VI) from aqueous solution by stabilized
nanoscale zero valent iron and copper bimetal
intercalated montmorillonite [J]. Journal of Colloid and
Interface Science, 2022, 606: 941-952.

DING C X, ZENG W A, ZHAO A ],

Montmorillonite-supported nanoscale zero-valent iron for

et al.

thiamethoxam removal: response surface optimization
and degradation pathway [J]. Environmental Science
and Pollution Research, 2021, 28(18): 23113-23122.

CHEN M J, SHEN H, LI X, et al. Facile synthesis of
oil-soluble Fe,0, nanoparticles based on a phase transfer

Applied Surface Science, 2014, 307:

mechanism [ ] ].

[16]

[17]

[18]

[19]

306-310.

ZY, b AR, SRR, 5 2 Fenton AL B AR 7K
ARBR AR B S FE S RERE LT . AR T, 2020, 49(5)
1297-1303.

XI Kai, YANG Zhonglin, MENG Xiangtian, et al.
Advances in the application of Fenton-like oxidation
[J]. Applied
Chemical Industry, 2020, 49 (5) : 1297-1303 (in
Chinese).

NIDHEESH P V, GANDHIMATHI R. Effect of solution

technology in wastewater treatment

pH on the performance of three electrolytic advanced
oxidation processes for the treatment of textile wastewater
and sludge characteristics [J]. RSC Advances, 2014
(4): 27946-27954.

Sk, B =V, T . Fe™/H,0, 2850 b Mgk B B S 1o
BUB (] W R fb 2 TR 2R, 2022, 36 (2) -
249-257.

ZHANG Ke, YAN Yuntao, DONG Yong. Degradation
performance and reaction mechanism of Fe*/H,0,
[J]. Chemical
Engineering of Chinese Universities, 2022, 36 (2) :
249-257(in Chinese).

WANG J, ZHANG Y J, DIAO J Y, et al. A MoS,

nanocatalyst with surface-enriched active sites for the

Fenton-like  systems Journal  of

heterogeneous transfer hydrogenation of nitroarenes [J].

Chinese Journal of Catalysis, 2018, 391(1): 79-87.

+ 110 -

EEE A Li5P(2002- ), 5, BIRITIG AR, AR}
FEBE , BT 10 A AR 5 A AL
VISESEE TRBL
E-mail:2031330245@q.com

W #s B #7:2022-10-05

& H#5:2022-11-08

(% AR 2E5%E)



