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Effect of magnetite on the performance of anaerobic
reduction of methyl orange by Shewanella oneidensis MR-1

LIU Xinzhen"?, LI Huimin?, ZHAO Gang?, FAN Yanchun®, MEI Zigi’, ZHOU Yurou'?,
ZENG Xiaoli"?*, HU Chunhua'’

1 School of Resources and Environment, Nanchang University, Nanchang 330031, Jiangxi, China
2 Jiangxi Academy of Eco-environmental Sciences and Planning, Nanchang 330000, Jiangxi, China

Abstract: [Objective] Studies have discovered that magnetite could be used as an extracellular
electron transfer mediator to increase or decrease the microbial reduction rate of dyes.
However, the mechanisms underlying these two distinct results remain to be elucidated.
[Methods] In this study, magnetite was synthesized by the hydrothermal method and used for
the anaerobic reduction of methyl orange (MO), a typical azo dye, by Shewanella oneidensis
MR-1. [Results] Magnetite exerted concentration-dependent effects on the degradation of MO.
Specifically, low concentrations (20-50 mg/L) of magnetite increased the decolorization
efficiency of MO by 4.07%—10.64%, while high concentrations (100-200 mg/L) of magnetite
decreased the efficiency by 3.92%—18.35%, compared with the group with only bacteria for
degradation. Furthermore, the changes in magnetite concentration affected cell surface
morphology, metabolic activity, and electron transfer efficiency rather than the distribution of
dyes on the microbial surface in the microbial reduction of MO. Low concentrations of
magnetite increased ATP production by 1.08%—7.65% and led to the production of 0.033—0.051 mg/L
Fe®*, while the high concentrations of magnetite decreased ATP production by 38.74%—60.14%
and increased Fe’™ concentration to 0.091 mg/L. In addition, exogenous Fe?" showed similar
concentration-dependent effects on the anaerobic reduction of MO, i.e., promoting the MO
reduction at low concentrations (0.01-0.02 mg/L) and inhibiting the reduction at high
concentrations (>0.05 mg/L). [Conclusion] Low concentrations of magnetite did not affect the
bacterial cell morphology and improved the cell metabolic activity. A small amount of
dissolved Fe*™ in the system favored the reduction of MO by bacteria, whereas high
concentrations of magnetite showed an opposite influencing trend. This work enriches our
understanding about the effect of magnetite on extracellular electron transfer and its application
in the reductive transformation of organic pollutants.

Keywords: magnetite; extracellular electron transport; Fe**; methyl orange; anaerobic reduction
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Figure 2 The SEM (A) and TEM (B) scans of magnetite.
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1 Fi$KH XRD 1&E
Figure 1 The XRD spectrum of magnetite.

500 nm

Physical and chemical properties of magnetite

Sequence number

Particle size (nm) Zeta electric potential (mV)

pH 4.0 pH 5.0 pH 6.0 pH 7.0 pH 8.0 pH 9.0
1 246 18.40 11.60 7.57 1.74 —4.34 —-10.4
2 240 17.30 11.80 6.77 2.86 -3.43 —9.46
3 249 17.40 12.20 6.41 3.59 —3.04 —-10.70
Average value 245 17.70 17.87 6.92 3.06 -3.60 -10.19
Standard deviation ~ 4.58 0.61 0.31 0.59 0.46 0.67 0.65
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Figure 3 The XPS total spectrum of magnetite (A), Fe2p spectrum (B), Ols spectrum (C), and Cls

spectrum (D).
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Figure 4 The FTIR spectrum of magnetite.
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Figure 5 Adsorption capacity of magnetite ge (A), adsorption efficiency R (B), and adsorption efficiency of

magnetite at different concentrations (C).
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Figure 6  Effect of different concentrations of
magnetite on the anaerobic biodecolorization of MO.
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Figure 7 The SEM scans of magnetite-Shewanella oneidensis MR-1. A: No magnetite was added. B: 20 mg/L
of magnetite was added. C: 50 mg/L of magnetite was added. D: 100 mg/L of magnetite was added. E: 200 mg/L of

magnetite was added.
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Figure 8 Effect of magnetite content on the ATP
generation of Shewanella oneidensis MR-1.
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Figure 9 Release of Fe’" from magnetite dissolution (A) and effect of proogenic Fe*™ on anaerobic
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h T i E B Fe? T MO R
VI B2, T ANE FeCl, 5T Fe® X
25 Ay FUER T MR-1 PR 145200 o AT 54
HNJE FeCl, 5 MO X BEAL BRSO UF S T Fe
EXF MO [ PREAN At BRI TRz . AME FeCl
X MO Bt fSE B 25 FE I Fe* X MO HIR4
i J TRl AR B ARV JBE(0.01-0.02 mg/L)fie #E,
FVRJE(>0.05 mg/L)yMil 52 i E#(& 10), X
VLR IRZS Fe’ WM MO A4l (i
BN R PR UE D A KA T i T R0
%, FEHE—FEZENHIIHEF, AT 88
Tt 14 A 400 ) R LA AR A g A K AR,
DR O 2 AR A4S Fe? ok B vl LAIE b 4 i 7
HAR IS YW £ 55 o Zhang 2502\ g /b BE
A F LA F (R B s RleR, dEiminss g
MLV Wi 2B , i B0 i — A Bk T Ik 2 41
VR Fe™ A ML LR o 1 T B MR Fe™ A ifil 4
AR RS Fe™ Xt M4 Bk a
I, T I v B RE A0 2H (100—200 mg/L)H % f#
A Fe? o EEAT BB 0.05 mg/L, JF K R4

<l actamicro@im.ac.cn, 010-64807516

it 3R TR 25 5 22 52 i 4 M AP SR AH DG D RE . itk
Hh, W& 0.01 mg/L F1 0.02 mg/L M Fe*
LSRR T 20 mg/L BERRH™ 41 4 k4%
W, XRA N TR AV R Fe™ i i B
L, A BT ke S Fe® 5 41 4 ik 5 S A0 7 38K
FPE. BT BRI IR Fe®
X RERAT I DR AR AE N R E 2

0.10-
= 1100
=
£ 0.08} S
=4 150 o
50.06f =
E g
50.041 {0 g
= v
8 [
50.02}
c 1-50
=

0.00

024 6 8101
t'h

14 16 18 20 22 24 26

E 10 4biE FeCl, Xf MO K& it &R0
Figure 10 Effect of exogenous FeCl, on anaerobic
decolization of MO.



X#EE & | WeEYeER, 2024, 64(6)

2101

3 é%%\

IR R BRIk A FLIR T MR-1
ﬁﬁi@?ﬂﬂgﬁmomﬁ%ﬂm, GEREH], Wk
WXT MO PRAUA S ity i S ATve AR 1 e vk
P A, B MO 2 BRAIE R F 4 Yk i
MASE R BHER . R BERE L™ (2050 mg/L)AE
T 0.033-0.051 mg/L Fe**, ATP /Eiiiefem T
1.08%—7.65%, MO EERSHRIEE 1 4.07%-10.64%,

FEWR I BERE k0 S HORR R () /b Fe® S5 1
WAEYS MO ZIa)f) EET, #Em{est T MO 1y

PRAGA 5o T ey R BE (100200 mg/L) A7
BF, BT X MO HYW A I 3%, 4t it fi
FO B B A SOMFLEE, ATP AR R FRAC T
38.74%60.14%, 1AZR R Fe’ it 0.091 mg/L,
MO LR TR T 3.92%—18.35%, Uk
FEREARR SRR I e Fe YR T A= it 4n
WURTETES LA T A& 4 EET, M
AR T 75 BLECH MR-1 ROPRSERIFRE ST, XS
MO AR FHEERSZmARR . Ak, SME FeCl, 52
BEIA TR /D A RS Fe®™ (0.01-0.02 mg/L)
ﬁﬂ? MO AR EGR R, T i s

e’ (>0.05 mg/L)A] RSt AU W 7 A dE AL
r“lél’@%il%‘f (R RS Fe X E Y=

BEPERUS AIAIL T A Tk — 201 o AN 904 A B
T 5 A T b T R R B A L £ a8 ) 5 )
SILAEG TS ik i A v e IR R Bk
ALY A S AR T LTS Y 1k R Ak
RS

SE 30K

[1] CHOWDHURY A, KUMARI S, AHMAD KHAN A,
HUSSAIN S. Selective removal of anionic dyes with
exceptionally high adsorption capacity and removal of
dichromate (Cr2072’) anion using Ni-Co-S/CTAB

nanocomposites and its adsorption mechanism[J].

(2]

[10]

Journal of Hazardous Materials, 2020, 385: 121602.
WANG RW, LI HD, SUN JZ, ZHANG L, JIAO J,
WANG QQ, LIU SQ. Nanomaterials
microbial extracellular electron transfer at interfaces[J].
Advanced Materials, 2021, 33(6): €2004051.

ZHAO JT, LI F, CAO YX, ZHANG XB, CHEN T,
SONG H, WANG ZW. Microbial extracellular electron
transfer and strategies for engineering electroactive
2021,

facilitating

microorganisms|[J].
53:107682.

LIU PP, LIANG P, JIANG Y, HAO W, MIAO B,
WANG DL, HUANG X. Stimulated electron transfer

inside electroactive biofilm by magnetite for increased

Biotechnology Advances,

performance microbial fuel cell[J].
2018, 216: 382-388.

CHENG J, LI H, DING LK, ZHOU JH, SONG WL, LI
YY, LIN RC.
co-generation in cascading dark fermentation and
effect

Applied Energy,

Improving hydrogen and methane

anaerobic  digestion: the of magnetite

nanoparticles on microbial electron transfer and
syntrophism[J]. Chemical Engineering Journal, 2020,
397: 125394.

WANG ZZ, YIN QD, GU MQ, HE K, WU GX.
Enhanced azo dye reactive red 2 degradation in
anaerobic reactors by dosing conductive material of
ferroferric oxide[J]. Journal of Hazardous Materials,
2018, 357: 226-234.

ZHANG YR, YANG ZH, XU R, XIANG YP, JIA MY,
HU JH, ZHENG Y, XIONG WP, CAO J. Enhanced
mesophilic anaerobic digestion of waste sludge with
the iron nanoparticles addition and kinetic
analysis[J]. Science of the Total Environment, 2019,
683: 124-133.

FENG D, XIA A, WU S, HUANG Y, ZHU XQ, ZHU
X, DEEPANRAJ B, SHOW PL, LTAO Q. Magnetite as
a means to enhance anaerobic digestion of furfural[J].
Journal of Cleaner Production, 2022, 381: 135139.
QIN J, QIAN LW, ZHANG JT, ZHENG YQ, SHI J,
SHEN JY, OU CIJ.

biodecolorization of sulfonated azo dyes by magnetite

Accelerated  anaerobic

nanoparticles  as electron  transfer
mediators[J]. Chemosphere, 2021, 263: 128048.

ZHANG YP, WANG F, BIAN YR, KENGARA FO, GU
CG, ZHAO QG, JIANG X. Enhanced desorption of

attached

potential

humin-bound phenanthrene by

http://journals.im.ac.cn/actamicrocn



2102

LIU Xinzhen et al. | Acta Microbiologica Sinica, 2024, 64(6)

(1]

[12]

[16]

[17]

[18]

phenanthrene-degrading  bacteria[J]. = Bioresource
Technology, 2012, 123: 92-97.

XIA XH, LI YR, ZHOU Z, FENG CL. Bioavailability
of adsorbed phenanthrene by black carbon and
multi-walled carbon nanotubes to Agrobacterium{J].
Chemosphere, 2010, 78(11): 1329-1336.

NICULESCU AG, CHIRCOV C, GRUMEZESCU AM.
Magnetite
comparative review[J]. Methods, 2022, 199: 16-27.
BOAg, WL, ERAE, RmBH, VoA, Fhen. 9y
KA AL = R AL T SRR N AL A PR T MR-1 1Y
HEL R I B PR RR (D). AR S S AN IR 4, 2021,
37(2): 217-223.

HUANG HY, HUANG JJ, WANG GX, WU XY, SHEN
N, SUN L. Enhanced decolorization capacity about

nanoparticles:  synthesis = methods-a

alginate  encapsulation system of Shewanella
oneidensis MR-1 mingled with nano-Fe;04[J]. Journal
of Ecology and Rural Environment, 2021, 37(2):
217-223 (in Chinese).

CAO FT, MA XL, ZHOU XT, HAN JC, XIAO X.
Performance and mechanisms exploration of nano zinc
oxide (nZnO) on anaerobic decolorization by Shewanella
oneidensis MR-1[J]. Chemosphere, 2022, 305: 135510.
deLa FUENTE D, ALCANTARA J, CHICO B, DIAZ I,
JIMENEZ JA, MORCILLO M. Characterisation of rust
surfaces formed on mild steel exposed to marine
atmospheres using XRD and SEM/Micro-Raman
techniques[J]. Corrosion Science, 2016, 110: 253-264.
ATTALLAH OA, AL-GHOBASHY MA, NEBSEN M,
SALEM MY. Removal of cationic and anionic dyes
from aqueous solution with magnetite/pectin and
magnetite/silica/pectin hybrid nanocomposites: kinetic,
isotherm and mechanism analysis[J]. RSC Advances,
2016, 6(14): 11461-11480.

LIN RY, LIANG ZJ, YANG C, ZHAO ZW, CUI FY.
Selective adsorption of organic pigments on
inorganically modified mesoporous biochar and its
mechanism based on molecular structure[J]. Journal of
Colloid and Interface Science, 2020, 573: 21-30.

JKIE. B-FeOOH/Fe;04/4: W) b 6 BRI &2 & 4 L 1 B
1) K Jd B A8 R G RHHLBE AT 5T [D]. i3 RBURHR
A S, 2021,

Zhang Z. Preparation of PB-FeOOH/Fe;04/biochar
photo-induced composite material and mechanism

investigation of removal of azo dye[D]. Wuhan:

<l actamicro@im.ac.cn, & 010-64807516

(20]

[22]

[25]

Doctoral Dissertation of Wuhan University of Science
and Technology, 2021 (in Chinese).

TANHAEI B, AYATI A, LAHTINEN M, SILLANPAA
M. Preparation and characterization of a novel

chitosan/Al,O;/magnetite  nanoparticles composite
adsorbent for kinetic, thermodynamic and isotherm
studies of methyl orange adsorption[J]. Chemical
Engineering Journal, 2015, 259: 1-10.
ALBUQUERQUE MGE, LOPES AT, SERRALHEIRO
ML, NOVAIS JM, PINHEIRO HM. Biological
sulphate reduction and redox mediator effects on azo
dye decolourisation in anaerobic-aerobic sequencing
batch reactors[J]. Enzyme and Microbial Technology,
2005, 36(5/6): 790-799.

LIANG LF, SUN C, JIN Z, WANG MW, YU QL,
ZHAO ZQ, ZHANG YB.

electrically connected community for

Magnetite-mediated
shortening
startup of methane-dependent denitrification in a
membrane biofilm reactor[J].
Journal, 2022, 428: 132004.

LEARENG SK, UBOMBA-JASWA E, MUSEE N.

Toxicity of zinc oxide and iron oxide engineered

Chemical Engineering

nanoparticles to Bacillus subtilis in river water
systems[J]. Environmental Science: Nano, 2020, 7(1):
172-185.

LI GF, HUANG BC, ZHANG ZZ, CHENG YF, FAN
NS, JIN RC. Recent advances regarding the impacts of
engineered nanomaterials on the anaerobic ammonium
oxidation process: performances and mechanisms[J].
Environmental Science: Nano, 2019, 6(12): 3501-3512.
OH E, ANDREWS KJ, JEON B. Enhanced biofilm
formation by ferrous and ferric iron through oxidative
stress in  Campylobacter jejuni[J]. Frontiers in
Microbiology, 2018, 9: 1204.

R, KT, SRFT, PLEIR. BT A AL Bk
KL A 10 B2 B G X 4 M 0 P S (D] ]
JLBE2Y, 2007, 29(2): 102-104.

LI JX, ZHANG ZL, ZHANG L, ZHU YF
Experimental study on cell viability of SPIO-labeled
myoblasts[J]. Hebei Medical Journal, 2007, 29(2):
102-104 (in Chinese).

AHMAD NOR Y, ZHOU L, MEKA AK, XU C, NIU
YT, ZHANG HW, MITTER N, MAHONY D, YU CZ.
Hollow nanospheres: engineering iron oxide hollow
antimicrobial property:

nanospheres to enhance



X#EE & | WeEYeER, 2024, 64(6)

2103

[29]

understanding the cytotoxic origin in organic rich
environment[J]. Advanced Functional Materials, 2016,
26(30): 5579.

DEEN GR, AL HANNAN F, HENARI F, AKHTAR S.
Effects of different the
(Abelmoschus esculentus) on the phytosynthesis of

parts of okra plant
silver nanoparticles: evaluation of synthesis conditions,

nonlinear optical and antibacterial properties[J].

Nanomaterials (Basel, Switzerland), 2022, 12(23):
4174.

BV RRIR, FHWT. 98K SRR AR S B AR AL OF
FEBER[)]. EFRIu A, 2015, 29(2): 152-157.

ANG SJ, TANG M. Research progress on toxicity and
toxic mechanism of nano-iron oxide[J]. Journal of
Toxicology, 2015, 29(2): 152-157 (in Chinese).
OUYANG K, MORTIMER M, HOLDEN PA, CAI P,
WU YC, GAO CH, HUANG QY. Towards a better
understanding of Pseudomonas putida biofilm
formation in the presence of ZnO nanoparticles (NPs):
role of NP concentration[J]. Environment International,
2020, 137: 105485.

BOLAND DD, COLLINS RN, MILLER CJ, GLOVER
CJ, DAVID WAITE T. Effect

solid-phase the

of solution and

conditions on Fe(Il)-accelerated

[32]

[33]

transformation of ferrihydrite to lepidocrocite and
goethite[J]. Environmental Science & Technology,
2014, 48(10): 5477-5485.

YAN W, GUO W, WANG LY, JING CY. Extracellular
polymeric substances from Shewanella oneidensis
MR-1 the
ferrihydrite[J]. The Science of the Total Environment,
2021, 784: 147245.

ZHANG JR, HUANG S, YIN YG, YANG LQ, LI XN,
JIAO WT, SAKAMAKI T. Fe,O3 micron particles are

critical for electron transfer and the distribution of

biofilms mediate transformation of

electrochemically active bacteria in soil MFCs[J].
Science of the Total Environment, 2023, 893: 164909.

TOBLER NB, HOFSTETTER TB, STRAUB KL,
FONTANA D, SCHWARZENBACH RP.
Iron-mediated microbial oxidation and abiotic
reduction of organic contaminants under anoxic

conditions[J].
2007, 41(22): 7765-7772.

EREF, AT R BUEP RIS B Z 18] (4 L 5~ 38 40 1],
fb2E2E4], 2017, 75(6): 583-593.

QIU X SHI L. Electrical interplay between
microorganisms and iron-bearing minerals[J]. Acta
Chimica Sinica, 2017, 75(6): 583-593 (in Chinese).

Environmental Science & Technology,

http://journals.im.ac.cn/actamicrocn



