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Research progress on in situ synthesis of iron-oxide nanoparticles by
dissimilatory iron-reducing bacteria for enhanced oil recovery
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Abstract: On the basis of microbial mineralization mechanisms, the in Situ synthesis of
nanomaterials by dissimilatory iron-reducing bacteria has demonstrated promising efficacy in
enhanced oil recovery (EOR)—specifically microbial enhanced oil recovery (MEOR )—applications
in recent years, and has gradually become a key focus of the research on MEOR. This paper,
beginning with an analysis of the ecological diversity of dissimilatory iron-reducing bacteria
within reservoirs and their adaptability to depositional environments, systematically reviews the
nucleation mechanisms by which these organisms generate iron-oxide nanoparticles in situ and
elucidates their roles in improving crude oil recovery. Dissimilatory iron-reducing bacteria
produce iron-oxide nanoparticles via two distinct pathways: intracellularly controlled
mineralization and extracellular induced mineralization. The former relies on enzyme-mediated
reactions coupled with biomolecular template regulation, while the latter proceeds through
extracellular electron transfer (EET) and coordination with extracellular polymeric substances
(EPS) to precipitate metal ions. Studies indicate that nanoparticles biosynthesized by
dissimilatory iron-reducing bacteria, owing to their inherently high specific surface area and
wettability-reversal capabilities, are able to reduce oil-water interfacial tension and enhance
emulsification, thereby improving oil displacement efficiency even in the absence of other
microbial metabolic byproducts. Laboratory physical-model experiments have demonstrated
that this biogenic nanoparticle-based EOR technique can boost recovery by 10%-15% in
low-permeability and heterogeneous reservoir analogues. Compared with conventional
approaches that rely on exogenous injection of pre-formed nanoparticles, the in situ biosynthesis
route exhibits superior nanoparticle dispersion and interfacial modulation under experimental
conditions, and offers the potential for sustained product generation in favorable reservoir niches.
Nonetheless, the practical applicability and scalability of this strategy under true reservoir
conditions remain to be fully validated through further field-scale studies and pilot tests.
Keywords: dissimilatory iron-reducing bacteria; biogenic nanoparticles; electron transfer;
enhanced oil recovery

A VL& Jm A ALY R T AR A ROV R b ERIL R R S A Y A R AR . o
WTEH N KRG . WEAG 2 S A T2 DL R fb 8k i ) 9 (dissimilatory iron-reducing
fAE, BN S Fe. Mn H0RWAILIL)E  bacteria, DIRB) AL R IIAETR , WAt iR
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(Geobacter) . # FLIGTH & (Shewanella) . HHITH
J& (Thermotoga) 55 # L F Bl 444 F iy L3 I
AR . SRR DL R E Rk, IR
BRI N S e R IR RRE )T . EATRETE
PR AR PR3 v 3 o0 B P ) AR S5 ) B B A 1
i# (extracellular electron transfer, EET)¥ Fe(III)
WP F1H R )5 Fe(ID), i 17375 52k A 28 40 K
KA B X — RN R AR EE Fe(1ID)
WP AT ¥4l o o A P s v R iR
&ﬂi(microbial enhanced oil recovery, MEOR)T;E;%
T AR

DIRB J5iA0 & il A4 8k S8 28 40 K KL v 3 ik
RoARC I -k S TE K T L s e A O A AR
EEKACR, L AR E S AR B
LR ST, GOk K 428 B
NG REHRAETRRE, REBTEZ LA B
B 5 oA, TEREE R AL X IR B S %
PITCAUE e 5 SR B BE ), ARASMETEA
SR N M R ) =S T I A 1
b, DIRB J 5745 58 A 40 K Uk 38 AT 5 U AE AR
7 W CAn A= 4 25 1 P D) B R R AR
ALK R, HE— 1RGO 2 AL A i
SRVERT RN & & S Rt o Y P LI g
A1 R SE SR YA, DK
RIS R B B ™ 4R Fe(TI), 3 9 7 T 4t
[]2% DIRB HY8RIE 5 f it 1 A2 E 1Y Fe(IID)
YRR, eI AR AR v v )
TEM A IIRER DIRB B AR, UMD RS $HI TR
(Thermotoga subterranea) . # JK 4 #F Ik &
(Thermoanaerobacter finnii), #k HA £ & AL
WS TE S0 A RE T, R S8 BAE T b DAoL
FEAR IR AR AL T A AR AT O

SR, MBI Z T TR NERI S,
TR M2 DIRB B/ G EE 5 0 AE
ISHLEIM G = RGEVENT ST . BET 1, A<3CM DIRB
DA B AR SR SIS AN A Ty 7 i v D T R i 8
BN I, E AT AT A GOUL I 45 2k
L DA S S2s i 4 e AR S

1 WEFFEFRUKRLERE I
REWE A 5 i B UL Z Al
1.1 PEAEHE A SR IE R E B 4F1E
FE 52 2R MR 5, DIRB Ho A 438 () fL 1
HEARTE 5 2R 2, BRAS TR Y R
Albidlih, MmN FE&REFiEE. 7Y
LERTE AR DL KA R IR R A R . — 7 T,
DIRB W] F| F A i & A= Wy B i F2 b 2R i &
M2 . FLIR . WIRSEAVLRE N A, #or
PRI RE R Ha 55 /NrF 4 REe A5 55
—Ji T, B& Fe(l)4h, #B4> DIRB i fE A H]
Mn(IV). WEEREE G Z Rl M AL T 324K, M
M 7E 8 AR 3 it 25 140 0 30 04 4% )2 o A R A T
PRI EIRCERHE R DIRB 7E6f)Z h il 2
INREVE R UL T A= FOL A . He U I7EMRB BT
s P T2 R B v, T ) R v Mk T TR
(Deferribacter abyssi)% DIRB & i Z 7},
PERffEZ K T Fe(IDWR BN, Lefe & ks .
TR LI REAG , 2R R IA ot ol R 7 I 42 T i
TR 53 A rp BT EEVE
EMUEYRERZ1H, i DIRB -5 HAh
T HE A WA PR £h 38 )5 B (sulfate-reducing bacteria,
SRB). JHILEw . KR &FAE, FE7EDM RIS
SRR LR H, RWELEE  E A e h  2
FA PR 1R . FLER A Hy S5/N3F Ik
Y, 2 DIRB $fitis K, $2i5 Fe(ll)id 5t
ROCRAEIEGK A . 17 DIRB 5 SRB 17 B g
WZ TR R FR, A nIHFEA L
M2 F1 Ha AR HURE B o 262 Fe(ID) AT 3= 5 B,
T Fe(I)ik J5t s b 78 #4072 BT A iR £ 14
JE A= B i v, DIRB 38 % 5 $a e, M
Al SRB F™ B GE b 1 6 111 ik — B A 7E
B ACE B33 T i — P50 E, Kadnikov 51
TE = i b & BX Geobacter sp.. Shewanella sp.
LAY DIRB fdifadaxf o, DGR
AT ) FL A DR A ) AC . 4, DIRB ik Jit
PP Fe(I)n] 5 SRB A7 A 1Y S* e i A A%
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FeS VL3, AUk T HoS HIAER S BLR, 0]
RETE WO RUEE U i#)Z O FLBR S M, TR
M) J5E 3 i A% A2 5 R oK BURL DT AR A 7oA
DIRB fEEALE F2 FHIE AL T 2 Fh A= BRI ZS
P 3 AL, o B 6 7 T A i PR A5 P DR E
FGHEPE . U Geobacter sp. Al 75 i . & Eh 4%
T Rk PG E (A0 Hsp60/GroEL) LA 4 435 411
3 g 5 A RS E 5 [6) o W ML Ah R
(extracellular polymeric substances, EPS)# i H:
TEAFLIR R TA RGBSV , DA A 2 A P JEE X O
FACEHE S RS A TR A AR 15
Fx 3E B AL, DIRB B 78 221 fidi AH 31 3 o
Iy BB FE345, I Thermoanaerobacter sp. .
Shewanella sp. . i1 7 (Geoalkalibacter sp.)%,
FIL M P F B AR | VB S A Y A B
[l B R A 16S rRNA FEPH 5 7 3 P 41 77 4
AR, TEGEFRA#RJZ AR F™ O 2858 1 24k
I JE AR AR A JE R FI D BEA R, S DIRB 7E7H
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DIRB 7£ Z 25 fli A% )2 b B 3L R 4719 26
BEIE W PER Fe(IDiR JEIG M, E—ERE LY
it 2T B3 72 v A DT R A 1F S HL i W 4 AT
Ko BRI, ARMHZBBAER L0 PR fL
BREE A LA I AR A B S5y AP fE I B 22 5, ol
REXT DIRB B V& 4 AR HAR BRI = A 52 i
L, 4546t )2 00 S DORRARAE 4483
DIRB 43 5if Py HARZ ), R AT ## DIRB
FE M 9E P FE AL
1.2 #HERRMEMNFUHSRTETEIE
VRS :05-Al0

Bili AH IR 22 K B T 4 3R % v g 03 e AL By
B, MRITRUAR R AL = MU . I A iR
WEE, XK TR R E . W)
PRAER 78, RIE 2 T8 B R S5 PE R HLS &
LIRS 22 il A 2 e DR - A o R

x1 ERIERBES SRR CRERE

Table 1 Dissimilatory iron-reducing bacteria isolated from continental oil reservoirs at home and abroad
il H 24 R LioRIIWIR7S BRIE T 2% 3CHk
Name of oil field Detect method Iron-reducing bacteria Reference
BT JRASE T, Nk I3 TR Ji M FLEG Shewanella putrefaciens [12]
Alberta Oil Fields, Canada Isolation

BB, R NERESR Thermoanaerobacter sp., Thermotoga sp., [13]
Turmin Oil Fields, Russia Isolation #BREA Thermococcus sp.

bR H, %k SRR IR H F # K 4 #F @ Thermoanaerobacter [10]

Lacq Gas Fields, France Isolation subterraneus

Piceance Basin jfi H , JE[E eGSR CPEIRAANT A T. ethanolicus [11]
Piceance Basin Oil Fields, USA Isolation

Red Wash JiH, %[H SN TE H1 R - 7 Geoalkalibacter subterraneus [19]

Red Wash Oil Fields, USA Isolation

Ilinois Basin i H, 3% Iy JOLZFRAT R, B IR R [20]
Illinois Basin Oil Fields, USA Isolation Wulcanibacillus, Orenia

K, A FINA Geobacter sp. [18]
Dagang Oil Fields, China Metagenome

EFHE, T E VNCEiES 1 i 5 35 4% T b 2F AT 1 SL-1 [17]
Shengli Oil Fields, China Isolation Geobacillusicigianus SL-1

HigmE, PE -t U4 3R JE Tessaracoccus [21]
Qinghai Oil Fields, China Isolation

KPR, HE FIHAH Deferribacter abyssi, Desulfovibrio oxyclinae  [14]
Changgqing Oil Fields, China Metagenome
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PRGN KRR o 3K — 2 FRAN S A 43 J JC R AE P
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AR AR T b AR T S 1 42 T R B AN A 23 [ o
B, o NP 4k (biologically controlled
mineralization, BCM)FI4: )15 347 fk (biologically
induced mineralization, BIM)H 2503
2.1 EEHIT K

BCM J2 45 T A= Y0 7E i PN sl JEE 25 A4 B 3,
1 AT SRS B IR 2 0™ W Y A A AR R
T2 AR RS it S5 A AL AR ) S B
AT SE BN A W T8 S0 A S5 40 A e s o B, 4
JEE AN Fe(ID), T4 5678 20 Jifd 2 T i 2o AR
FHBE MR, BEJS 1S B s s F 3k A
M s [WlEE, 84> DIRB i AJ LAyl s Z
AT PR S KRB ), i 25 A8 Fe(Ill),
348 U AE A0 i % 1w A W R RE O S B s e s it
ALY Fe(I)7E i A Y0 A 9K 5l 1) o, 7% i
FErPYOL JE 0 Fe(ll); i R 10 T I N A LR
Ak, ARAHE LI NADH 5 FADH, JE(#%
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T ROE A2 s B, H AR CymA
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W L T — A 3 2 A0 B 5 P 1 3 R R e (a0
ZMARBIFEN), FZF R L2 AM
N R4 1, S8 -8l P R 23 J5 s 5
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JRiEB Fe(INH BE A R A, 3 10 e e ix LAl
RIEE NS, B4 KA Fes04, Fe' Z4)
KAnREA RS, A e n] Ay i A B v A
YR (AN 20 . BhmE e, 7Bk R e
RLESSE APSE, T R A AR K R A A K 1]
T DR 7 B R FC P A K, LB R 5
TSRS R 4%, B TE R BE BT B4 K
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Luef Z5*I64F T BCM MLl #£ DIRB 11
AEAE, AT R BB AR W Ay L IR T (S oneidensis)
AT TE B P A BERTE 28 258 22 T AR 0 i Bk Jer
(20-50 nm), FIH RIFARETERIZE k.
AR TN B e R X EE R K, E—
VLA T A NS S T, WnlEE
Ry diAZ A K R SRR ST A S AR AR T RE
22 HWNEST

BT U N R 369 BCM AL, BIM
ZRETHAN, K EET REH i T1E8E
Fe(IID) & (L ¥ R 1005 FANBH PIIE W 24 f T4t
ARG HURYICANFLER . BT, 8% i
N NADH Jit & BRI Azl ; DL Hy
SHEMAR, WAL 28 Hy PN RE AL 1) [NiF e]- 2 il B 3
K TFLEE CymA, BiZERIAT; BT H
HAF RS, AR 2= Eal et
5 A B IR Bl ), G HGE TR IR T 18
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(1) “BkER=C AL L) Shewanella sp. i
RF, @l —FHmEZEMEREOARNBE L
IBEE(UN CymA | Fees, MtrA/B/C S5 )¥ o N B
e E AT R, Ho, M RE
FZ B A E R 14 A, #ED AT BEBS A & 1Bk
5 RN B 9 L T Y BR G AR WS R
Shewanella sp. & 1] 43 QA% 85 25 56 m i L 7
FRIKS MtrC 1 OmcA 254 s B AR fim = 1y
MR L, (2) “4& @ B S i LH T 2
1T Geobacter sp., HHu4h IV B B = 557
FWERIL, ALl non HESIE L PR 7 I 4%,
M 5 HE 32 R LR A i S5 R Rl i
+, W T ARAE T L R b (R R B AT
HL T ZE PR A A B % dr LA R o R R RIR P4, (3)
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A% 3 3 A S A AR JER SR 2 G 2 1
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FoE (A LA T FELGE B, SEIRAR I S a2 iR 2
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KM 1 PR,
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B L ), ¢ R R EHLE : W5FA R 18 (Thermincola potens strain JR)AH L BE f#x A (14 2 Il
21 OmcA FLIEAEMMT PG T (A0 T T RIAR FL S )P, D: 22kl REHFEA
1k 7 (Candidatus Methanoperedens) 3R [l 2 A7 22 25 5 ML 22 507 W # il A 338 a1, 893 €0 2 4R T D R
F< B0 H BioGDP.com £ 61

Figure 1 Extracellular electron transfer (EET) mechanism. A: Hopping conduction mechanism: S. oneidensis
MR-1 can either secrete soluble electron shuttles to transfer electrons from the outer membrane cytochrome
OmcA to remote electron acceptors, or directly transfer electrons through a transmembrane cytochrome chain
composed of inner membrane electron carrier CymA, periplasmic proteins Fccs/STC, the transmembrane
complex MtrA/B/C, and the outer membrane cytochrome OmcA, ultimately delivering electrons to the
mineral surfacel*®. B: Metallic-like conduction mechanism: G. sulfurreducens transfers electrons to minerals
via direct contact, mediated by a transmembrane cytochrome chain and conductive type IV pili forming
nanowires, with the electron shuttle-mediated pathway omitted“®!. C: Surface enzyme conduction mechanism:
Thermincola potens strain JR transfers electrons through direct contact between the multi-heme cytochrome
OmcA embedded in the cell wall and the mineral surface, also bypassing the use of soluble electron
shuttles’®®). D: Filamentous conduction mechanism: Candidatus Methanoperedens uses surface-associated
conductive filaments to deliver electrons to minerals via direct contact. The involvement of specific

cytochrome proteins remains to be fully elucidated!®’!. Created with BioGDP.com!®!l,
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SR, X AL A £ [ s & A AR R
[ 32 2462058 . AR 2R T
L . H AT R 2 5O S AT 5 B8 AE SE B By
B, 2 5 3 P S AL R E X9 5 AT BE G P
[ 2l 38 AT A IR A8 7 o BRI LML A 4 0
G IABEAE B [, K S SR P e SE B T b

R AT o FH PRI S H

3 RUKZERERMEENT
i 1F 1F 3= Rk &

T IR E h , DIRB DA Fe(IL) M H F 3214
0 I S N AR AT RE R A RIS, AT S R A
AR KRR, R AL B R R
INFIZS [R50 A BE 2 pH. Fe W25 ANER I N 4%
PERySEm, A32%] DIRB [ SRS . A
ARZSFFT AL R R R B A L Rl R 4 8 7E w1k
i #EH, DIRB 43 EPS . A HLERZ4CH r=4)
AU AR BAZ R AR E A, BT U S A
FETH] H A AT ANEVR A, R BRI B R RN s A
P AT AT 1) B SO0 S T B 165661,

Zhang S5 R, FHIR KA FCRHE
(S chilikensis) CD-4 7E 1738 T 9K UKL A %
(AT B, 3 00 P L &7 0 J T A AT i -7k A T
J15 AR RETEGOKR BURIBR T 52 B B E bR
SN, B 57 S chilikensis CD-4 A& 8 By R $
DRI 4 51 SR S 7 S 4% 0 V0 s FLME 32 BR IX ek, %
IR HE A e A ) o 5 P N K AR A o R
A S T VR 1 A A A S L B T, A
TP S WO I S M i R s PR A A

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



80 A i AR Microbiol. China

A o ©® o HREET
® ® Metal ions

| i \RDHRW R
IO N TaTa MNPs
e )

End-capping agent

gﬁﬁ@,{ﬁ]ﬂi%

acellular reduction \

I
Reducing equivalent
(i.e. NADH & NADPH)

——4
=
—
p——4
=
=—
———4
g
—
i
—
&
o~

2 WEYRASNERARINIE A YA R T R AN N B ) R
BT, I 3 7R R A A A R 2 RS SE B AR BURE®), B Shewanella sp. J5U 05 i Fes O 24K Y21
Vi i ge, A0MEE A SR EETE 9K R, i BioGDP.com g1,

Figure 2 Nano mechanism of microbial intracellular and extracellular synthesis. A: Microorganisms
generate electrons through metabolism, which can reduce metal ions either internalized into the cell or
present in the extracellular environment. The secretion of capping agents then limits further growth, leading
to the formation of stable nanoparticles*®). B: In situ biosynthesis of Fe;O4 nanoparticles by Shewanella sp.,
as observed via bio-transmission electron microscopy (Bio-TEM), black circular structures of approximately
on the cell wall represent the formed nanoparticles. Created with BioGDP.com!®!.
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TEZZ M )Z 18 , DIRB i 1 Fe(IINif Jid FER#
R A AR R AL, 77 A A HLER S A ™
YIE AT R AL, (U IR 0 W i ik LA 32 i i
JZBi%E%, Dong °FE 0.1-40.0 MPa 55144 T,
I R 43 85 Y Shewanella sp. 5 #6025 il 8 @
(Flaviflexus) Btk , A& 30 Al foe % G R4 Ay
WA R A S, PERERS R A ia s,
i JR SR IR O A B I, I R AR IR A
TEW YA EER . RN IR 2 frR .

TEJF AL ALk B, DIRB A5 S8k A 26
YORBRLA Y, HAr A EPS S A =4 AU
1 A ) R 235 ) 3 BB T Y - B TR BRI 7K
JEE, A sk AR SR B . esh, ek
PR 8 L PR R A EE , s AR
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Table 2  Applications of dissimilatory iron-reducing bacteria (DIRB) metabolic activity and in situ
synthesized iron oxide nanoparticles for enhanced oil recovery under experimental conditions

RS FEgK fERLH R TR 5% 1 2% CHk
Strain Synthesized Mechanism of action Improvement in Reservoir simulation Reference
nanoparticle oil recovery (%) condition
Shewanella  / ISR AR R 25N gl . R E AL, (B3R BSERUEY R R [69]
Sp-, B E S U L A e N ey T (0.1-40.0 MPa)
Flaviflexus 24y Not directly Ultra-high-pressure
sp. In situ biomineralization quantified, but microbial cultivation
loosens clay structures, demonstrated (0.1-40.0 MPa)
enhances microfracture structural
connectivity, and improves pore improvement
architecture
Shewanella  FesO4 REAR K LTI K J1 24 30%; $2 15.55% HOAESRE (KRB MR [67]
chilikensis THfL I % 38 4 -5 0 v mh)s HRIREE
CD-4 Reduction of oil-water Core flooding experiment
interfacial tension by (low-permeability reservoir
approximately 30%; samples); ambient pressure
enhancement of pore-throat displacement
connectivity and wettability
Shewanella  Fe2Os HEwREER RS 15.63% BT AL s 21k [68]
sp. e FLR ; H5RFLAL 5 VNS
leyra 3 Simulated reservoir

Synergistic formation of stable
emulsions with biosurfactants;
enhanced emulsification and

wettability alteration

injection experiment; aging

and water flooding

/AN ICHR AR SO T MR 77 G BN AR BORL

“/” indicates that nanoparticle synthesis by the strain was not reported in the corresponding literature.
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Figure 3 Mechanisms by which in situ synthesized iron oxide nanoparticles by dissimilatory iron-reducing
bacteria (DIRB) enhance oil recovery!’%. Created with BioGDP.com!¢!],
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