% 43 %% 54 AR5 X ¥ TEFROP E DO Vol. 43 No. 5
2021 % 10 A Journal of Civil and Environmental Engineering Oct. 2021

DOT: 10. 11835/}, issn. 2096-6717. 2021, 046 T A RIS 47328 (OSID) ;

St A0 Bk A 5 v g T 1 0 R 3 Dol Bk SR AR 1 R
AR B RC FaE, B AT, 2 Rl

(1. R KRS FRIRFFER, M 510650;2. 77 A AAF R A EFREL LEARI;
B EEFEEFNEECIB R TREIEARAT S T AEREARFLEASBEESEEEZE, ) M 510650)

B OEPHRAN G A IR A R 33 R - B2k A AL (NRFO) i 42 e 7 08K 8 R i
2, R AR R A AL T AT NRFO 15 ke, SR BT ALK T R A (Klebsiella pneumoniae 117,
Shewanella oneidensis MR-1, Shewanella putrefaciens strain CN32) . Ib4k Fo 75 82 3, M1 2 R £
NRFO 4 %, 4R AW LA R FERR X RF F & A&, £%% B A AR TR = 4 T A BR 3T
A BRACT Gk ; ok dph) T AHBR 3118 R, HLaZ 4 5 AF A R I8 2K 0K B IF 3 o 38 5% 5 T 4k & 0 A AR 3
4958 TR 5B T AR R BB s Tk B A R A R BT I AE R R, FELAT AR BR 3k N 4w
MOATIRR . AKKIE RAR AT, ARG 5 F Ao BACRAAE A A0 L17 B JRAER 2 5 T4k FAL R,
B AR R R A ) CN32 3B RAKER 369 2R ;o ok FF A9k MR-1 £ RABR 09 L2 RE,
EBRE Rk 5T, DA B SR M LR R AN AR R R 2 H R,

KA AR 33T R Ak R B R A M s TR RALRA ; tA R4

HE LS :X53 XEARE:A XEHS:2096-6717(2021)05-0166-12

Nitrate-reducing Fe( ]l ) oxidation mediated by
dissimilatory iron-reducing bacteria

ZHANG Xiangjie'* s CHEN Guojun®, LI Han*, LI Fangbai*, LIU Tongxu*
(1. College of Natural Resources and Environment, South China Agricultural University, Guangzhou 510650,P. R. China;
2. National-Regional Joint Engineering Research Center for Soil Pollution Control and Remediation in South China;
Guangdong Key Laboratory of Integrated Agro-environmental Pollution Control and Management; Institute of

Eco-environmental and Soil Sciences, Guangdong Academy of Sciences, Guangzhou 510650, P. R. China)

Abstract: Microbially-mediated nitrate-reducing Fe ( [I ) oxidation (NRFO) process and alienated iron
reduction process are ubiquitous under neutral anaerobic iron-rich environments. However, it is still
unknown whether NRFO can be mediated by dissimilatory iron reducing bacteria. In this study, anaerobic
NRFO system is constructed by selecting dissimilatory iron-reducing bacteria( Klebsiella pneumoniae 1.17,
Shewanella oneidensis MR-1, and Shewanella putre faciens strain CN32), ferrous and nitrate. The results
show that nitrate reduction and Fe( Il ) oxidation occurred simultaneously. The intermediate product nitrite

during nitrate reduction is considered the dominant contributor to the overall Fe ( I ) oxidation. The
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presence of Fe (I ) inhibited microbial nitrate reduction, and the inhibitory effect of Fe (Il ) was more

significant with the higher Fe( Il ) concentration. Competitive reduction of nitrite by Fe(l ) resulted in the

decrease of ammonium production. Fe ([l ) oxidized secondary minerals precipitated on the cell surface,

hindering nitrate from entering the cell for reduction. The toxicity and oxidation-mineralization of Fe( Il )
inhibited nitrate reduction by L17 with low Fe( Il ) concentration. Nitrate reduction by CN32 was inhibited

by Fe( Il ) oxidation-mineralization, while the inhibition of nitrate reduction by MR-1 was attributed to

toxicity of Fe (I ). Under high Fe (Il ) concentration, microbial nitrate reduction was inhibited by cell

encrustation.

Keywords: nitrate-reducing Fe( Il ) oxidation; iron-reducing bacteria; Fe( Il ) oxidation-mineralization; cell

encrustation
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FEAEN ) B0 5 A KRl nT BEAFAE W AE A9 NRFO 1
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(A YRR R R A7 58 42 1 B Ak el R AN 3 3, K
WAEMEE RS 5 80 LA NOx 38 5N,
XSG A 1y i ik 2 R R R I SN AU S8 B iR
B =), H Ay 22 i NRFO ff4: i
P =X TR A 90 A IR Eh 3 T Bk AR Ak R ]
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2982 NRFO i #&7, KRit ki i e A S
5 IR AR A I R B, O RERS HEAT A FR R A I, Bk
WERAEY R AR EES 55, Bl 5%
Bl N 22 Fh PR v B Hh R iR SRR .
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B Shewanella oneidensis MR-1177, 3¢ [ 1&g ¥
WA Y e AP AR T A PR 0 (Marine  Culture
Collection of China, MCCC) ; W FI e 14 IR 48 4k 4
JE# Shewanella putre faciens strain CN32M, 3
F7 2R 4 WA W i Al AR BC P L (Guangdong
Microbial Culture Collection Center, GDMCC),
R RIS N NaCl 5 g/ L A RIRE 5 ¢/LE
FR 10 g/L,pH{EW E 7. 0, FF X R4 T = iR
TR K AL BR , B — 80 °C vk AR R AE R AR 9 (1
mL) B R VRIS - R TAE G AL A s 2,
TEME AR G 5 A48 T s AL B 9% 14 h (30 *C, 180 1/
min) AR EHCETER S TAE G I 1 mL B3
YRR SR A TEAE R R HE SR AR T AR SR 57 14 h
(30 °C, 180 r/min), X} 100 mL P& M. 4l /K H
100% Ny 38X 30 min HE4L IF w5 KB RS

FEIR S T AR R AR B (FeSO, 1 mol/1) . H
BIBZE I B SR st — D% B, 5 24 h 5
0. 22 pm YEKUETFHEATREOCORAT . T o8 2 Wl B
(1 mol/L) FLRRER FFE (1 mol/L) . I 0. 22 pm
UESK U8 SR 10020 N, 781 30 min HE%. 1%
HIOCR MR SL14 FYEAE R A V10 Y HAREL
T5%3CHk[49], 0. 22 pm 38k 98 Z 5 T
100% N, 72T 30 min #F%. FCH| 30 mmol/L YK
-1, 4-— ZHIR (PIPES) /E S 1t T 5 30 44 % 1Y 92
MR (pH="7.0).
1.2 SKEARKRMWRFTE
L2.1 SBHE ERRKEREIR LR, X2
FHEN T B 75 e BB R WA T 1 R v K
TEf R TAE & LU Y8, 28 8 000 r/min T
4 “CE.L 8 min J5, A 30 mmol/L PIPES(pH=7. 0)
GE PRI EARTE . AR 3 WU PSR B (ODsg =
L 0) FEdE TAE S 1/ 100% N, 3£ 30 min, fif
S AR R 28 TR B O B R SR B 1R
30 mmol/L PIPES.5 mmol/L NaNQOs 43%%F 100 mL
POMI 10026 N, 783, 30 min, HEUS #E47 & il
F T v ) 22 2 i e B % B PR AR A il o AR AT A
[Fi) Ab L CAb 32 L3R 1) T il B A4 2R o BN Ak 3R
VEWBUERFR N 80 mL. A4 -4 mL E il & 19 TH B
5 mmol/L NO; . 10 mmol/L #& J&. fif & 5t ¥
10 mL/L. 4642 10 mL/L.5 mmol/L (1 mmol/L)
FeSO, .30 mmol/L PIPES, [ I 1A & 78 A4 4k 5 57
FrP (3020, 5 °C) EEOLHHE B % , 4 bR — BU [ E
FrHURE IR0 E B AR e E
F1 ARGKEEREE A EILHKRERALIEA
Table 1 Treatments with different iron-reducing

bacteria and Fe( Il ) concentrations

Gi's  BEMAR A

Cell+ NOj3 +Glucose
Cell+Fe?t (5 mmol/L) +NO;3 +Glucose

pneumoniae 1.17

Cell+Fe?t (1 mmol/L)+NO3 +Glucose

Klebsiella

Cell+ NO3 + Lactate
Cell+Fe?t (5 mmol/L) +NO3 + Lactate
Cell+Fe?* (1 mmol/L) +NO3 + Lactate

Shewanella
B putrefaciens
strain CN32

Cell+ NOj + Lactate
Shewanella

C Cell+Fe?* (5 mmol/L)+NO3 + Lactate
oneidensis MR-1
Cell+Fe?t (1 mmol/L) +NO3 + Lactate
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J5 2 wbk i €32 AT S0 4k A T 2 Aol D AR (S R AE
P 510 nm A SEIE . AR FHRES FEAE R 15 min,
T4y EACRER TR FeC D), 0. 22 pm 383k 5 BB
A1 —20 °C. HURESE LG FI L 7% B 7 (035 4
(TonPacASI4A 4 X 250 mm) 18 74 1%4% (Dionex
ICS-90) il 7 FHo b i NOy (NO; W B, R FH % 22 it
o BT AU E NH . X 54 AT S5 (D2
phaser) (Co 0  fi7 81 £ 10°~80° FAHHEE 0. 2 )/
min) Y E A2 BT 4 AR 2 A L A FH 9 R e
SREL A= W A W TS0
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AN A e B 25 3 R S Ak 4 38 D AT ) A
PR R A S B 724 i 2k LR 1.3 Fh S Ab Bk T B 14 il
PR AR I S o — P R B WL AR 2, S5 IR R, AN
WARNEH R . L17 F1 CN32 /K R RS R ERTE 1. 6 d It
B 56 AR I i T 340 5 14 o — G R B3 0
1.772.1.672/d(F 2) . Ui BH 117 Fl CN32 Bl R b
JERE I HE ., MR-1 /KR 5 L17 1 CN32 A[Al, #F
0~16 hAfFREh A J5, 78 16 ~64 h i iR £h A Ji
HORARN S 3 K IR e I R, fiSREL IR
JRE — % R B 0. 674/d, BF M T L17 A

WoR . GE R R A IR Y 7 B W . ke
1 mmol/LAE T , Sl A Wi e £5 38 Jrd R B 8 =
e R B AR A, RNEESS 7 R IR, L17 14
TESS 7 AR 58 438 )5 ; CN32 /K R (I A FR R 7
54 R FEAYLIE I s vl IR AR B2 gl T L7,
CN-32 AR ER I J5 o 55, (FL A R £k fie 2 Bl 1k 58 4 10
i, 7E MR-1 KR W1 IR BT Bl R 3k 10 R 5
Z e AR B A L i R ER B A iR 3090, 1 B I Uk
JEW AR B IE T MR-1 R LA RS /. &5 1
FIEiR PR BE LR SR o A2k W i R 2k 340 it ik 32
5 CN32 (0.563/d) > 117 (0. 179/d) > MR-1
(0.034/d). TEEWSE 5 mmol/L WEL ST, 1L17
B AANA 0. 7 mmol/ L il EE #i4 J5 , CN32 4b
FRLAAE RN 12 d J5 1 mmol/L B4l2 £k 8%k J5 , MR-
1 EAHTER W 12 d 5. 1. 6 mmol/L fif§ fig £k % 16
Jit s U — 0 R85 i o 0. 010/dL 0. 014/d.
0.010/d, BFET 1 mmol/L ¥ 8k Ab B LI KA I E
R ALEE 3 oA A R R B R AT, BN i
A RS R AR B A i, 22 J5 R Rk 348 el R A5 26
AH T e VA A A Y A R A I L S
HFEA . 28 L RTIR  S AR A I i T fE Y e R
RO JFLAT R 171 i A e B A T o X B s T
T TR 5 B 41 D 3 5 IV Ak X AN i) 288 280 42k 2 73
AR BRI SR (R A R FE AR 25 5%

x2 WHREAZRTHKEUIBHTHREUNBRELFENE-RERELY

Table 2 Pseudo-first-order rate constants k of NO; reduction and Fe( Il ) oxidation

Strain Treatment Fe(ll ) oxidation &/d ™! re NO3 reduction k/d ! re
Cell+NO3 1.772 0. 965
L17 Cell+NO3 +FeCll ) (5 mmol/L) 0. 066 0. 978 0.010 0. 535
Cell+NO3 +Fe( ) (1 mmol/L) 0. 734 0.961 0.179 0. 927
Cell+NO3 1. 672 0. 895
CN32 Cell+NO3 +Fe(ll ) (5 mmol/L) 0. 051 0. 971 0.014 0. 558
Cell+NO3 +Fe( ) (1 mmol/L) 0. 659 0. 957 0.563 0. 908
Cell+NO3 0. 674 0. 738
MR-1 Cell-++NOj +Fe( I ) (5 mmol/L) 0. 034 0. 931 0.010 0. 356
Cell+NOj +Fe(ll ) (1 mmol/L) 0. 008 0. 682 0. 034 0. 330

2.2 LFHERERFNGRIRER BN /12

SV B A0 SR A A W A R AR A Qi iR AR A AE
P55 AR ER S Bk SR A W 30 T N2 6 R TR
FEMI, L7 AMUBER AR R 18 5o N, O Al NO,

REAZIE I S NH B CN32 i J5As R £k 14 7 11
N O fil NO, MR-1 i J5Ufil§ R 5 (1) 7= 91 NH[ ™,
AR ES AR I 2 BBl 12 25 R 2 s, X
THEMA PR cell +NO; . L17 7655 1. 5 KB il
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—a—cell(strain L17)+NO;

6|4  —a—cell(strain L17)+NO +Fe?(1 mmol/L)
—o—cell(strain L17)+NO+Fe(5 mmol/L.)
~ 5t
=
< 4t
g
S
S a2t
=
1k
0L

0 2 4 6 8 10 12
t/d

(a) strain L1740 S AHIRERIE SRS J1 24 ih 2%

—m—cell(CN32)+NO;
—a—cell(CN32)+NO+Fe*(1 mmol/L)
—o—cell(CN32)+NO+Fe*(5 mmol/L)

[NO;}/(mmol-L™")
(=} — [ w -~ w (=}

0 2 4 6 8 10 12
t/d

(b) CN324J HTHIREL A JEh J127 il 2%

o

—m— cell(MR-1)+NO;
—a— cell(MR-1)+NO+Fe?*(1 mmol/L)
—o— cell(MR-1)+NO;+Fe?*(5 mmol/L)

[NO;}/(mmol-L™)
(=] — (8] w » W

0 2 4 6 8 10 12
t/d

(¢ ) MR-14 IO THIRERIA S5 3l S5 Hh 2%
e WHERBEODG=1.0; M MRERMI SR HBES mmol/L,

B 1 RUSKEREHEREE R R 5 H 2%
Fig. 1 Kinetic results of nitrate reduction of dissimilatory
iron reducing bacteria under different initial Fe( [ )

concentrations

FRER AL 23k 3 4. 8 mmol /L., bl J5 B FFLL A 5, 7255
12 RAEFRERFA 1. 7 mmol /L. HAREN L17 iE
SRV RS PRER 7= 40 s TR 56 0~5 R AE B RS . 78
5512 RFLEE N 1.4 mmol/L, XF cell +NO; +
Fe* " AbEEZH , A 1 mmol/L WK J5 , W fiff B £k 552
A IS 7 R BEE AN 4 mmol/L, W5
mmol/L WA/ T WA ERERTESE 2. 6 KL R &
iKEF K 0. 74 mmol/L; AR B US InFm il 1 2 AR 1Y
A B AE 1 mmol/ L8R 2 4F T B AR 1Y e v A= A i
V4 0. 09 mmol/L, 1 5 mmol/L W2k &4 T & &k
IR A B, B 2 (b) 45 R 3R W], CN32 AE P4k 2
AESNESE 2 K AH R 6 2E i 38 B e ey » Z 5 ik
J R BRI RS RRER AR AR 12 KA B IL 59, 800,
VL] CN32 AR i 58 1 25 5 T WA R ki i
MR, IR RS T CONB2 WASPRERFESS 4 K
A R A B e i 4. 6 mmol /L, 2Z )5 WA FREL Bl fF 4k
IR, T e R ST e B Wb 3 A AT T CNB2 A
PFRER A 1, O AR R h A e A il 4 0. 91 mmol/ L,

CN32 b FRAH R K AR B A il Tl 2 (o) G5 R &
B, MR-1 VA RS R & » 5 30T WA R £ K it
ZL,7E 16 h WAHRRER L R &k 3] 3. 98 mmol/L. 2
JEBERFEEA IR . 5T R W A ER R A A I T
MR-1 A, SERA AR R 3 T MR-1 A3 2 i 411
HPE RS o PR, e v R I i PR R B R P T
MR-1 [RSIR R0 A B . B MRAESS 12 RFL R &
iKF] 3. 97 mmol/L, LI W ASER LR LA | 4 7 ik
JROMER . TS AT UK G A B A AR S AR A R R
4 1 mmol/L Zidy. FEMRMREE R RE T, B4R
B IAE RN 0. 23 mmol/L; 1 76 & e B W 2k 4%
T A R AR 0 A5 i I Bk 2 3 B o T I
S ER Eh AR B 4, il gE R, 3 A9
ALFRLE AR TR s/ T A R AR B — Ty T
2 RUASIEARAT 1) 7 k2 0 i T 5 3 I T A PR
T3 — 7 T e R A WAk A R R Ak~ SR A A T
FE T —HB o0 WA ER RS 2 0 WARIIE T L17 AN
MR-1 £ MR AR X it 25 S0 A2k 3 B8 A T s Al 0
PRk 5 AR JR Ry £ kb, R R NRFO # ## b, 1
TS TR AR — 7 AT e ol A 0 D, 3 — T T 0 Ik Ak 2
FAEAb I R A T, AH E A R £ 19 AR 38 R i
T2, AR TR A0k 22 [8] f 2 S o ARG Rt i
SECT ARSI S A AR AR R ez N T A Ak
PRAH AR A i
2.3 THENHE

WK AL S J1 2N E 3 iR . FE RGNS AR LR
ST, 117, CN32 Fl MR-1 #4 AR fE 4 1 8 16 T
Bk TN ARSIRER 5 . E 1.5 mmol/L Fe* ™ [k Rty
RAT Ak AE R A TR AL 9 25 A R AR
SR ER AN Al B 82 & A2 O ot U B 4k AA
SAF R WA AR B S PR L A RS 80 . X 1
mmol/L Fe’" . 7E L17 K Z& i, WARTES 4 R4ZiE 5%
SAk ;s ON32 (R R WAL TE 2 A LFERT6 d;s MR-1 {4
FHLHES 7 RWARAUEA 14, 400, HfE—JH
REBAY W L17 €0.066/d), CN32 (0. 051/d).
MR-1 (0. 034/d) (£ 2), #£5 mmol/L Fe’' &1
T.4 12 K L17, CN32, MR-1 & & ' 53 5 A
57.1%.51. 4% .34, 1Yo 04Kk & A= S Ak Lol — 2
HAE B L17 (0. 066/d) .CN32 (0. 051/d) .
MR-1 (0.034/d), LiRZEFRFH, 3 Fhidid I i 1y
WAL 2 ol 117 >CN32>MR-1, V. 2k 4 1k 3
B[R A S PR 2 o AN () S 2 0 %) i T 5 2 i T R (1Y)
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st vl o) sf sf TR
7: i %:] —&— NO(MR-1+Fe?(5 mmol/L)+NO.)
= 4t = 4 = 4
g g g
@ 34 g 3t g 3L
2 7 2o R ey £
11 1+ 1}
0L N N N N : : oL N N N 3 N . 0| N N N "
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
t/d t/d t/d
(a) strain L1745 ARIRER (b) CN32/ TR IR ER (¢ )MR- U’?’@H‘J]ETJF]@*"
W JEBh 12 2 YT Y T
~ 4T -~ L1780 mmoiyn0y o~ 4 et E%QTOI] T
0 —@—NH(strain L17+Fe?(5 mmol/L)}+NO,) n —o—NH; (CN32+r *(5 mmol/L) )+N0) 7
< 3t 3 3t <3t
g g g
g S s
¢\’_; 21 hZ— ¢\'_‘,2 L
Z g z A VMR R armal)4N0)
14 1 1 ~@-NH;(MR-1+Fe?(5 mmol/L)+NO,)
0 m”/r’/ s s e o 0 .
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
t/d t/d t/d
(d) strain L1745 804540 (e )cmzﬁ%ﬂ@%ﬁ (£) MR-14r- 5058
R A S 2% A TREN 1 2
e BHRBEODg=1.0; MR ER I AT S mmol/Lo
B2 ARETHREZFGTRUKTERITHEEREE K ERRER RN 1F &
Fig. 2 Kinetic results of nitrite formation, ammonium formation under different initial Fe( Il ) concentration,
Cell density: ODgy =1.0; initial NO; concentration: 5 mmol/L
) SR AR R AT . #E L17 F1 CN32 K &
%4;: L VR P RS 52 4 SR  ELAR G FE S 4 T DA 56 4
£3
Sl e UL s MR-1 15K [7) 08 Bk v T 34 46 904 3 ik 1
=1 e LR iy N
N st Raeh gl
0 2 4 6 8 10 12
7 Ay - A
(a) strain L17A-S 0Bk E A3 J122th 4 2.4 IAEH%%{E
- PSR R 5 0k Ab 28 R AR AR B iR A=
24 .
Bt Yiorh 3 45, — o3 DLVE T4 Bl A5 (S (o i
= e SR+ — 5 43 R 7 40 6 1 (L2645 0 R 5 0
El \\‘:ﬁmz)w *(5 mmol/L) . .
0 N I 5 S %) 5 — BB U0 2 07 240 M 2 T o 3
S L .
(b) CN32Ar S BT L EAL S 122 0 22 HMEE AN B s 7e (LLE Sk fas) . aniE 4 B
LSS i Fe VI 5 mmol/L 92 FF T A4
< 4
T R W AT . 5 B0 L 7 %2k T 91 6
S R ML SO 9K FE I 8 T T 1
e HAE I IR TG MR B ARV . FE Fett W E N
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Fig. 4 SEM images of the minerals formation during nitrate

reduction Fe( I ) oxidation under high Fe( Il ) concentration
(Cell density: ODg =1. 0; initial NO3

concentration: 5 mmol/L)
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Fig. 5 SEM images of the minerals formation during
nitrate reduction Fe( I ) oxidation under low Fe( I )
(concentration Cell density: ODgy =1. 0; initial NO3

concentration: 5 mmol/L)
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—— strain L17+NO, +Fe?"(5 mmol/L)
G — CN32+NO, +Fe?*(5 mmol/L)
—— MR-1+NO, +Fe?'(5 mmol/L)

ARXTSREE

20 40 60 80
20/(°)

(a) FHRBEMEERARAF T AL B BB XRDIE 1%

8'-FeOOH

——strain L17+NO,+Fe?(1 mmol/L)
—— CN324NO; +Fe?(1 mmol/L)

G

AR SR EE

2.0 4b 20rce 6'0 8‘0
(b )1&%&%9&%@T§(§L‘ZH Y XRD 1%

6 REIFELMKE T A B 2 IF SR I Sk AL 4 B Y
XRD B (B E ODgo =1. 0; FEESEL4154K B 5 mmol/L)
Fig. 6 XRD patterns of the secondary minerals from nitrate

reduction Fe( Il ) oxidation under different initial Fe( I )

concentration (Cell density: ODgy =1.0;

initial NO; concentration: 5 mmol/L)
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Fig. 7 Mechanism of nitrate-reducing
Fe( Il ) oxidation mediated by dissimilatory

iron-reducing bacteria
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