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A SR R R 75 Y i E Bk UEPL. AR R AR AT 4]
W5 R RERS AR E I ) AA A, HAEIE e s
By, SRR s . TEm T 2igEx, #h oK
B I R N AR R I IR AR, DR
TEE Fe(1l). FAE R fEHE T A 5
IRBRIE I, DI 0 T ¥ i A5 8k 1) 5 2 RS B
PR BRI, FEDREUE BT, WIERER A Fe(1l)
AT R o AR P BT 2 o,
THPRER RN Fe(I)TEDR A& T Al LAB A 5y A2 4R
R JE S, FEX AR Fe() 8 A AL TE 1K
Fe(lll), ZIVRLUTIE, EMREPAIE, M
TR rp R AR R JFRE A Fe(I) A L AR
IXRE LB i RS IR AL, BB LA B
SR T RE T i R BRSO o X SETTE YRR
AW ESEITER, BRI S PER
HEIA RN L2 2 A A AN AR A A
HRREA 1 FR R A 1) 3 Ak S Ak A8, L
S5 NAE T R gy B — R R R AR 7Y
W A% AL Pseudomonas stutzeri LS-2, fiEA #5048
J5 e IR AR, TR —F b A AAREE,

il T2 105 28 NIV gk 4 Al T 7 IV K 4R Ak i
R R R AR A S 732 AT 5 8 5t AT
Z 5 RGP AR Y R R R R Y Ak S A T
RGR BN, I 2040 T K &
REDIEYH, HJET Alpha-. Beta-., Gamma-
Tz Delta-725 % 7 4000 MR 45 B0 2k 4L T
fird IR 6 AR 2 7. 2k AR A TR TE I 2k AR AL R O AN
AR RO, L Fe(I)FE R ME— 1)
L HEAHE DL A7 2 R A TR I i G %, TR
FrAR Z v 5 AR W BE 08 G LA Sy 2 [m]
LRI 1 Ay i I R AR AR Y 4k SR A T A X T
FRIY Acidovorax BoFeN1, 7ERSERERME Ml 1fit
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AR B HE RS . TER NG AR B TP
2 W B U T A A DA AR L A e
B2, EEREESEE TR, MAeEwmR
W . WA RS RTE A v AR A, DA
SO 5k SE AR WA G I e AR . N EE 4 ) A
FVER 23 52 ) 15 57 B8R 48040 TR 10 S Al b 3803 K
AT RO (E R S o S 5 R A A9 A Y
AR AL TR B SR Al 3k R DL R R Tl 2R 1 5 i 4T
SRAFGEAL D RIS, A )W SR A BT L
ALY T B R AT L, SR T I
Ay T kg W 6 0 [ v 4 R L. A RS KA
oLl T AR X B R A AR SR 0 W BT
PRI I AT LA IV B 4 Ak O 3 R o B 5 v
BB EE . R Ak TA Gallionella 1
Leptothrix JE A% A% 42k 48 Ak 477 3 1o 3 1o Wi ok K At
VETT L2 BT 7K P 9006 AT S5 780 5 4k 46
RHRE S EE R B TR kY, KHEEEMN
W R BR, e R R B AR A
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Al BB HE AR A ALY Y S A R ik - E A R K AR
B, R [ s e g e
BE(Zn)1E S KA b d o i LY E 46 R T
2, HyPAEmMAERBH 52 8 EA . SA ik
RN, MBI EIRE 32 mo/L B, AW
Hh P ST A OB BRI 34% %7 7 1 S5 R T 4% 4R
OB S At A e, AR JBE 1 B 0 A S i Ak
RN, PR IRF] 40 mo/L I, S AH
TR A RS 179 M, SR, KRS - R RS 5%
RV TR 52 i 2 A5 5 7 8k A T —
B AR AN TE A o A IR R AR T AU 2k AR AL TR
Pseudomonas stutzeri LS-2 3k A 1ERG /K +-, WFT
LR A Al 2o A B R AR ER v 1 DR UK A A rh R 2R
) % 4R Ak T BK Bl A R R iR e ad AR . A SC UK
Pseudomonas stutzeri LS-2 ki HART4AEY), WFITEE
X HEAS 37K S0 T Y A2 1 B 2ok R A R
RN 7 E =R by < )AL I D A0 Ak 7 i
TPERAE, BFSEEERDUS IR IR B A B ) B 45 & B LA
S AER R o 30 0 RS R 3k K2 0 3l ) 28 Rk Ak
WY LI BESE, 8 7s BE R T A M0 9K 5l 1Y) ST B 4
AT o R B 8 R

1 AR
11 BAEYRERESR

AR YRS 3 SR T %) i 1R kAR AR 2k A A TR A
A Pseudomonas stutzeri LS-2, 43% A K
Ao, 7E R S A 1 T A OR A B b O DR AT
5 CGMCC 1156 bk LS-2 ¥ e FIH LB T’
B 373 (pH 7.0+0.2)7F 30 °C BR 48U fH iR A6 Pk
Fi3% 20 h, BEEFHEEHN LB W iAkRE I 5,
PSR LAM R S5 55 3% 20 h, R TS I B T O )
FEVEW, AP 22 phis I 3-(N- P MEAR) P i 2

(MOPS)E M & 7%, HIR&E L, HE FiR LR
2 K, ‘A1 TR R 4E N, B 30 min J5
IMABN SRR . ROVAKZR A 20 mmol/L
MOPS 14 [l %3 3% 5 (denitrifier basal medium,
DBM, pH 7.0+0.2)41 i®, Fr i34 i 2 85 1
KB (18.2 MQ) (K H #4li/k 245 Easy Pure
RF/UV, Thermo Scientific, USA),
1.2 R TRERRERIE ARG & WAL LRk T

A5 B R FA AL 2E X BE AL Fn A W Ab B4
WEFRANG 1 PR o A O A T ) b B 85 5
4R : ODego=0.2 MY . 5 mmol/L ZFR4EH .
5 mmol/L S fb W4k . 10 mmol/L NaNO3z, 1 mL/L
LR MYEE %K . 20 mmol/L i) MOPS, & %¢
(9 4k 3 20 v AUk BE [Zn(1)] K 015, 0.8, 2 Al
4 mmol/L, MR ZREZART R 30 mL. fh2Ext
HREBR T AU RS, HABSSAF IR R 5 A P i
P B, A BAERRTE DRGSR A h kA T, [
I A R B 2R E 57 30 d
1.3 HEmARESNE

SEHG I E B P IAT : NOg™ VAl 25T B 285
Fe(I)F1 Zn(11). HORE A B[] 2543510 0, 1. 3. 6.,
12hfirl1, 2, 3. 4, 6, 10, 15, 20, 25, 30d.

* 1 HERRLFEHRSTHKEUFTEZIT
Table 1. Experimental design of nitrate/nitrite reduction
coupled with Fe(Il) oxidation

Numbers

Treatments

NO; +Fe(ll)

NO; +Fe(I1)+Zn(I1)
Cell+Fe(Il)

Cell+NO;~
Cell+Fe(11)+Zn(ll)
Cell+NO; +Fe(Il)
Cell+NO; +Fe(I1)+Zn(Il)

~N o o b~ W N B
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BB 2o A X A DR AR T B 4 v A IS T T A e B
o NOsFESL ISR SME . W 2 mL A,
FIFH RS 20 min KRR 2R PR ROV Fe(11) %
FRIE BTTE, A 0.22 um 38 k1t 38 J5 B T —40 °C
UKFE R AE, SR G0 B 6 3 (S0 e vk
(ICS-600, Thermo SCIENTIFIC). 4 fif 25 F1 fit
A9 Fe(I)FT Zn(IFE & AR AR 5100 % & K54 A A5
ABLE T, 9500 r/min B5.0 10 min, ¥ FIEK
SR E.OEH, A 200 pL 5 mol/L HCI J5 14
FET 4°CUKHE, ML RV A BOARE S FRl AN
A 10 mL 0.1 mol/L HCI E & 7%, #H 10 min 5
TE U8 ISR RS B S o T AR AR A B8 Fe (1)
FHABIES Mk 2.5 20 min, f# FHEEFRICAE 510 nm
WA AL M S o VA RS RIS Zn(1) g FE
ait JH NexION 300X Hi, &k A 45 B3 14 5T 3 1Y
ICP-OES (PerKinElmer 23 ] )il & e B o 5 Pyl s
JE M X SHRATHHL XRD 5 (Co 4%, D2
PHASER, fE[Efi% v AXS 2A#]), i Jade #
BRUKER-TOPAS # A4 T8 1) 73 BT 45 7€ -

2 HRF®

2.1 AME Zn XTEY R

i 2 4R T 281 ST 2 R A B LA I 4R A S ik — ey
FHLARRT, BEA LSRRIV AR H AR RR AR,
HEJR B TAEMNTEIT, kA b 5 Iy
MR bR Rz B —E mEREmY, T
W E SR Zn XA ARG S PR ik i
MsZm, ABFRTE AR AR IR R, WSS ) ik
JER Zn(1), [RIE I E AN Rl Ab B e, SRR AR Rk
WIER AL . B Fe(H)i & A i L4
IR ZR T, BB WA AL R 1 R AR (B 1-A),
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Wb W A AL e AR H R R B Y, TR ik
YA RE A AT R AL R (AR Fe(ll)
W FETER B T BE AT BB BT MOPS 22 phifi %f
Fe(11) A — & I W B P, (S SRR FAS 23 5%
W STV A S At AR PO il 5 Ik ) o A P
MR R, ERAE RN 12 h 5 AR AE AL . i
Zn(IEAEFEe, IOV 1 d J5, A Fe(1)H i
K&k 0, UL Zn(I)M TR INTE—E B Bl T
Fe(INFA Lt 2, (HEA - Fe(IALAEREANEY)
VAR R R IEER (B 1-A). RIS, RTINS
[ B 19 Zn(N)BIF SR R 2B 0k SR ) s i 465
RFWBEE Zn(H)H BERS I, W EK F Ak 55 7 T
(R 1-B)o 24 Zn(1)HR KT (<0.8 mmol/L),
Zn(I)XF A A i i R DA BT &, A Y
WERT 2 mmol/L B, I8k Ak it F2 2 B
BB A HIVE A . a0 Zn()¥& EE A 4 mmol/L i,
FERN 30 d &, SRR A 80%01 Fe(ll)#
AL o 3X 55 22 AR P AT i R K T 7R ST 2k 4R
FETARE M Z5 A0 — B0, A R VR B TR 3] —
FERRBERT, A S W SR B 0 AR 7 AR B S
Hi 7R AP iz h A LS-2 Wbk B A R
IR, HOKRE L zn SrEgmP, Mk LS-2 i
PRXF Zn R BGRAPIIE, HAY Zn WA
f A Xk AR A R B S A I i V(T 1-B)
2.2 AME Zn XFRERRENAE SRR HO 5 e

FERH PR LA JF RS G AR Ak Bt v, e T
FNE A F  NOg IR BE , 455 R N 2 Fos o A
TERI LS-2 MR R, NOS Mk B REA R R AAE
FERERD LS-2 MUK, NO5 ¥k it 25 5 i 7]
M IERC RS, o, HEIm NOs iR &,
NO; 7ES I 1 d J5 BEASHE)S , s fin Fe(11)F1 Zn(11)
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(A)

61 —£-NO, +Fe(Il)

—O Ce!IH"c(lI)

ﬁéf Cell+NO,~

Ce!l+NO ~+Fe(1l)

Cell+N01 +Fe(II)+O 8 mmol/L Zn(ll) ) o

wn
T

Dissolved Fe(Il)/(mmol/L)
(O%]

0 1h 3h 6h 12h 1d 2d 3d 4d 6d
t

Bl IHEEBSHERETRIE AR
Figure 1.
Zn(Il) (B) concentrations.

Mk ET, U O%E’\Jﬁﬁﬂﬁih%ﬁ‘mﬁ(@ 2-A).
Z IR TE A YR SR A B R A i i AR v
Paracoccus denitrificans ATCC 19367 #il
i JELAR 2 R i
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17%—2 1% )T R b 4 0 S %1 35k 3 I il e 11 3
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BINAE— @R B AR ER IR I R, X
52 iR 1 4 AR — O, X T A e h Tk
ST R TS R R I I B A TE 1, TR ARG
TR R 38 S RO 7 LS-2 BRI T Ik
feid#ih, BB E Y 2 a2, T
ZEEE GO BLIE TR ERER A SR R R, T
BE AR R ER 1 R BRACR P, H4EFh LS-2 Mk
F o, GEPRER A A I A T HL e Rl P stutzeri
ATCC 17588 1§ P. denitrificans ATCC 17741 1K &
Hrs, ATRESE TR R AL R IR R T AN R
R P (PRI 28 00, 2.3 717) 0 LS-2 FEA T2k Ak

7N s
P. denitrificans 1222 HFERESE 4
fig £ 121

7 Fe(I)RE T (A)FIRE Zn(1)iKE T AR
Concentrations of dissolved Fe(ll) under different treatments (A) and dissolved Fe(l1) with different

(B)
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Sk & Cel¥NO,+Fe(11)+0.15 mmol/L Zn(1I)
) Y < Cell+NO,+Fe(I1)+0.8 mmol/L Zn(II)
= 4} \ Cell+NO;+Fe(1)+2 mmol/L Zn(Il)
g \ - Cell+NO; +Fe(1l)+4 mmol/L Zn(11)
=
=3
2
= 2r
2
g1t
a8 Y\

0f Td—a—e—a—ao o O

0 Th3h6h12h1d3d 6d10d15d20d25d30d
t

7 Fe(I)iREZ1L(B)

YER T2 R LR, TR U220 5e 8
PEE A RS ERER SN, A R IR £h A i S 02,
Kl 2-A RIS 0.8 mmol/L B9 Zn(1) XS A iR
IR IS R AR . BEE Zn(1)H
S, Zn(I0)XF A R Fh i St 2k A e 40 ) 4 FH 1S 5
21 Zn(1)He BE k3] 4 mmol/L B, XY R R 5
b AR AR B A IR (18] 2-B), fiF IR ki Ji
A ARHE Zn(1)1ARF Y 0.093 mmol/d f
FIEHEEUWE Zn(DEFREF R 0.018 mmol/d.
Kiskira ZEH s M Zn(1) %) W8k B AL HE-A Rl R
R JE I AR P R R R IR JFH R AT 4%-17% 4
HVEF , (AFE R 45, Hem iRz 50%M
TEVLTEDIERE R, 24 Zn(1)#k 38 500 mg/kg i,
Zn B8 B E R AR AR AR, Zhang % % BLIA B
W AR I S8 RO ] T R AT, i
FEAR T RBE A Wy 2R DT IR B A X
P dd A, [A) st AN [] i) o 4 1 26 9 mT R PR K
ZERRAR TG, a3 2 PR B AT A LA PR A
A= it A R I A S VR LA . TR TS
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12+ —=- NO,+Fe(Il)
- Cell+Fe(Il)
—&— Cell+NO,"
10F & <= Cell+NO;+Fe(II)

< Cell+NO, +Fe(I1)+0,8 mmol/L Zn(II)
. = £l

NO, /(mmol/L)
[=p}
T

t/d

2.
Figure 2.

127 - Cell+NO,+Fe(Il)
-O-Cell+NO;+Fe(ID+0.15 mmol/L Zn(II)
Cell+NO,+Fe(I1)+0.8 mmol/L Zn(II)
¥ = Cell+NO, +Fe(I1)+2 mmol/L Zn(1l)
Cell+NO,+Fe(11)+4 mmol/L Zn(Il)

Tk E B S THEL B E R T 12 P AHER AR IR E B T (A)FIARE Zn(11)iK E T FHBR IR 7R & B9 T2 1L(B)
Changes of nitrate concentration in the process of ferrous oxidation-coupled nitrate reduction(A) and

Variation of nitrate concentration under different Zn(ll) concentrations(B).

PR B . BT B8 BEEAE), X4 Zn(nyikE
1A% 32.3 mo/L i), PRAEC A Gl AR M s i
T AL BE JIFRAE 20%-34%2 3 n] fiE 5 K B 45
FNESRHTUREARAR, —BREMESE
SRR PR, VR3S R AT BE i ™
125 FEAEMIEY ) Maderova Fl Paton B 5% % A 1 158
HRYE AR AS Zn(1) v BE 5 A 4 Bk L E A 56 B2,
UL IR A Zn(1) AT RE S F M A T R B
Ao WRPHAAES RIS Zn() R AR B
X il 1R A it FRU Y Bk S AL TR AR SR AR, AT
BH A5 S AiF A e
2.3 WHEMALREDT YEHEN

R EEANTR] Zn(I)¥e X AR S AL RS B i TR
IR R T Y S R B AE, AR BFSER T XRD
X A [ Ak 34 o 4 4 e B ] 9 28 AR A T RAE (8] 3)
RAIN Zn()ARFR F, LS-2 9K 3h 11 37 2k A Ak it
FE R I N S LR, LRl S B[R] A 4E
Ko, IR BT 08 PR S0 (B 3-A).
FESN 30 d J5, XRD 3 ] A AT S g B K
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Z, BB Y S RE I Zn(1) 8 R A — 2L
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A S 5 A o 7 S R PR AT B K
W, Z R0 T 2 B L I B B A SR T
(& A BRECE B, I D) T. denitrificans
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W) 5 A IR ZR AP R P A A — 25,
{HME 3-B-E 1, FfiFF Zn(I)REEHE R, B ALY
W AT S5 0 5 B DA R B3 B A AN AR AL, BRI
B P32 BN R T, 45 dh R g kR v B
TE R AU L . 24 Zn(I)HEE3AF] 4 mmol/L
N, T Zn(I)RMEIER, kAL R
RV 4 RAWEER) BT YT RAE, 2%
BN 4 d J5 T 2 b BEAR 559 P £F 40, (BB
A (A AE S , XRD 1% o A7 565 06 25 S 4 B2 iy
ARFIEAT 06, HEA B 1 25 B (181 3-F),



HHEHEF | P24, 2021, 61(6)

1469

Qu FELEWFFTERFEIR M AL i AR, & BRI AR
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B NI SRR it A TR 0. BRI, Zn(1)
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Figure 3.

reaction.

AT Zn BV, 25 R 4 s,

SER LM Zn(1)1E Fe(N)E Akt B v, T2 2L
W SAETE, UEHIAEY Fe()AALTE B R0 4 Ak
T Ry A5 2550 1) 28 MR W B 0 5 o ) 4 J 1L AR I
S5, W 0.15, 0.8 Fl 4 mmol/L Zn(11) {4
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Relative intensity
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L L L-lepdicrocite

L-lepdicrocite
F-tflanklinite

Ii Cell+NO, +Fe(Il)
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XRD patterns of minerals formed under different Zn(Il) concentrations. The concentration of Zn(Il)
in A-E is 0, 0.15, 0.8, 2.0, 4.0 mmol/L, respectively; F shows the XRD patterns of all treatments after 30 days of
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(A)
-5~ Cell+Fe(I)*NO;~
- Cell+Fe(II)+NO;+0.15 mmol/L Zn(II)
~ 4+ & Cell+Fe(II+NO; 0.8 mmol/L Zn(II)
= \ - Cell+Fe(I)+NO,~+4 mmol/L Zn(IT)
g
3
B L
e
2
2
0F

—&-Cell+Fe(I1)+NO,"
(B) . —© Cell+Fe(ID+NO;+0.15 mmol/L Zn(I1)
—A- Cell+Fe(11)+NO, +0.8 mmol/L Zn(1I)
=7 Cell+Fe(I)+NO, +4 mmol/L Zn(II)

Absorbed Zn(11)/(mmol/L)

t

B4 MHERREFEMSTHKELIRREPIEIES
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t

Zn(INEY T AL (A)FIBR 7S Zn(11)B9ZE 1L(B)

Figure 4. Changes of dissolved zZn(Il) (A) and adsorbed Zn(Il) (B) in the process of nitric acid reduction

coupled with ferrous oxidation.
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BiF B G T Ry, R YR
& Fe(IHLE AR N, TR A Py ikt 250
Zn(1)5 Fe(IWEFLAE0T, MR Zn()K
e PRER, 555 Fe(ll)RAEE, BT
SIARTET P EE R 5 PR N RTA G B Fe(ll), M
T BRI A (1 3)BY, & Zn(Imtk &R o,
T B 0 1 T R D R A R B R R T U R A
. BTARIBFTE R, ARk R AL

U S TRASUR Sl R R o 31% L A7) LN
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Effect of Zn on Fe(ll) oxidation and nitrate reduction by a
denitrifying bacterium, Pseudomonas stutzeri LS-2
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Abstract: [Objective] The aim of this study was to investigate the effect of Zn on the Fe(ll)-driven denitrification and
mineralization by a denitrifying bacterium, Pseudomonas stutzeri LS-2 under neutral anaerobic conditions. The result
will extend our knowledge of microbial Fe(Il)-driven denitrification and its environmental behavior under anaerobic
conditions. [Methods] We designed the microbial driven Fe(ll) oxidation with a series of Zn(ll) concentration, detected
the rates of Fe(ll) oxidation and nitrate reduction, and characterized the mineralogy under different conditions. [Results]
The activity of the Fe(ll)-oxidizing denitrifying culture was affected by the presence of Zn. The results showed that the
presence of Zn inhibited the rates of nitrate reduction and Fe(Il) oxidation. A low inhibition was observed at initial
concentrations of Zn(ll) from 0.15 to 2 mmol/L. When Zn(Il) was supplemented up to 4 mmol/L, the higher inhibition
was observed. In addition, the minerals during nitrate-reducing Fe(ll) oxidation can efficiently remove the supplemented
Zn(I1), including co-precipitation, sorption and isomorphous substitution. The nitrate-reducing Fe(Il) oxidation resulted
in the formation of a mixture of Fe(l1l) minerals in the presence of different Zn(Il) concentrations. The use of low Zn(ll)
concentration cultures enhanced the formation of lepidocrocite, while the higher concentration resulted in the formation
of franklinite. [Conclusion] The results clarified the effect of Zn on the nitrate-reducing Fe(ll) oxidation process,
including the rates of nitrate reduction and Fe(ll) oxidation, and the mineral structure. These findings increase the
understanding of the relationship between the heavy metals and the bacteria-driven Fe(Il) oxidation and denitrification
and provide scientific support for remediation of contaminated soils by heavy metals.

Keywords: Fe(ll)-oxidizing bacteria, Pseudomonas stutzeri LS-2, heavy metal Zn, nitrate reduction, biomineralization
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