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FERM, TR R R ]l AR R
ALK S EH S MR SRS A
B LA S T R 554055 ( Bousserrhine et al., 1999;
Burton et al., 2019; Zacharaetal., 2001; EHFEEE,
2005; WO, 2015) . Burtonetal. (2019) %}
SRR RS R TP R AL T ST, SRR
AF IR 125 285 1) Al ] 0 1 e A A R R Ak b, A
M/ E4A B fGE, BIFES (2005 ) B9
Cr(VDIR AT, /KFE M5 fbgar it e, 45
REH, Cr(VDS5KFEMWERE R, 7%t
i, Cr(VD T Bk B AL s i e e B, AT
Cr BRI A A A S0 s BEREE) Cr(VI)XT
R BRI E Y B A B EEH, NI T K
LSRR SRR . 2, &BBURERE L
YIE AL BRI RS A, A5 Fe(LID)i8 5
iR, BREAL s kAR, S5 E 4R ]
Vs, R8T =4 e R st R mr R A
( Zacharaetal., 2001; 5K&55%, 2015 ), Bousserrhine
etal. (1999 ) iH5X 3L, 1F Clostridium butyricum it
Ji 5% mol Cr BURAHE®™ ([Cr]/([Cr]+[Fe])» 0.05)
W, EHERw A AR IR AR, R 8.46%) Cr B
EI R

RS T 4 g U A AR W 1 S Ak s it
XA B IR O g ) 2 e MEM, (HEA M
AT e T 4 S U 55 A R S Ak (n Cr
BUR B R A TR Cr BUCHECH 4 ) (Wan et al.,
2018; Lietal., 2016 ), X5 4 Jam B A A Ak 4
AW 114 = 0 30 D37 it i o2 PP A D o R R 4 R 1R 3
AT . R ARAAE, i RGPS
I, AT LA 38 WA Cr(n B i 4™
( FXCHRIFR Cr BUREM KT, Cr-Goe ) AFFEXT4,
B Cr BUR LB BTk A A ki I () —
HL 2R, 5% Cr BUREH T i AL Bad 2 b Fe
Cr UKW WE5F AR, 3R ES s Cr (3T
B E T AR RIS AR
1 MR5F*®
1.1 ST RERRHESKT &

R A Cr BURET T I S EE S B E A
SCHRIRARE ) ( Schwertmann et al., 2000) .
55K 150 mL 5 mol-L™! ) KOH I in A 3] 250
mL 0.5 mol-L™! iy Cr(NOs)s ¥ EREM HIR A
5], WAREME Crifi. sl E 0, 3.3, 8.4,
8.4, 30.5. 75.3 mL [ iRECAFIBEIE Cr W, 34
W IMA 50 mL, 1 mol'L™" Fe(NOs); Ak Fl 5
mol-L™' KOH A (153 A ETF i KOH [k
R 0.3 mol- L), FfEmABAiKERR 1L,
RAIAW, JAE 70 C &M 30d, 45, K&k

AT ST IR B0 B LV, PREA A, H 3
mol'L™! HaSO4, F 50 CFIEHEMEA 2 h, FBRME
PR Y e B AR 5 AT, R 4 7K ORE AR 3
Ve S WK, JFFE 70°CHERR T TR, B e T ER
R0, 732 AR R Cr BUR A EH 2k, 1R
i IT 16 78 I B [Cr)/([Cr]+[Fe])([Me]: mol-L™Y) [t 4]
T, HERBEACE SN 0. 2%, 5%, 16%A
32%, M LIRE Cr BURE, 4rilarsh
Goe. 1.4-Cr-Goe. 3.5-Cr-Goe. 9.03-Cr-Goe L)}
10.3-Cr-Goe,
1.2 E#RIEFREN

AW ST BT K H B0 28 R B N Shewanella
oneidensis MR-1, ATCC70050., BRI T4t 5% 1 Wil
FAEYHARFBR A A BEATE 30 "CHY LB A%
B (o 10g L EEAWR, Sg L EERERY, 10g L
) NaCl) F1J%3% 16 h, T4 ‘C 6000 rmin~' 551
TELC 10 min, FKEBAKEKERF, HE3
W, BB 2 10" cell-mL™" 4 B BT
1.3 LWigit

FEARSZIG TR ET, XA S SC 0w LA
TRHEA TR M 1) 75 T IR T R s AE TG TR R v 5 EA T
BB 7E 20.2 mL [ PEHOIRHARIMAIREE-1, 4-XL
(2-Z.%ehiifR ) (PIPEs ) 28 PR . FLIREN (HLF{it
) MR R Shewanella oneidensis MR-1, &%)
ZJa, IMAEH R SR Cr BUC BB 42k, &
LISV SRR, 10 mL, &R Lk i 4y
Wk 0.02 g H8k%, 25 mmol-L™! (PIPEs ). 10
mmol-L ™" FLEREH A F 2 108 cellmL™" 1Y) Shewanella
oneidensis MR-1, SZ56 [R5 & A IS IR R o 7Y
XFHRAREE ( CK: K5 +PIPEs+FLEREN ). Mik
SR LA ISR, ABFFE T PIPES 22 0P iAW
H# pH [EFEHITE 7.0 2247, maiA <5< 30 min
A, RHBIRERS, HRMESE, &8 TREAE
WM (25+1) CHrEEFE . RVHTEIRE
BfMRLA, A DRAEH IR . B el 2 B i )
RFE 0.4 mol- L™ HCL #4742 LR 4 90 min, B
TEELOHLF 10 000 r-min! 753 F &0 10 min, FH%F
Kadygds (022 um) B UE EIEWHOTFIEE, H T
SIS RHT (He etal., 2008 ), TilEA4kS:H
FEARFRAHE HCL (29 11.2 mol- L") #EA7IA MR, F5lH
RS 2 Ja it —ad iE IR A, T4
Y& (Huaetal,, 2018) o _FiRPIA A
RS — TR 2E Fe(D)A Cr(LIDYRH 1M & 43
Mro HBGERIIRES, HITEE, WEERIE,
TR e M a5 e ME 047 o

RAFERIE 3 ANEE, SCPETREEEEEL
PP
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1.4 MWiXEREFE

WSS Fe(ID) W) Fh it A6 % FH 4B JE 2 whk L (2
%, MO ERARYE A SCER ( Tamura etal., 1974 )
A TG, BACEBRMTT : B 1 mL VW,
SEMA 50 uL RER A TIR L, HKIUINA 50 uL 0.1
mol-L ™ fk%k, 200 puL 1 gL' 4F3EL kAN 200 uL
5 mol-L™! BEMR 2% WA, o S 2 )5 4 15 min,
MU o Sy BTG AR AT LA T (TU-
1800, JtaiArEA ) o WFEAMEEHZES Cr(ID
ol ARG 0 SR FH P J 5 5 B e G (1CP-
OES, Perkin-Elmer optima 2000, USA ) il ( Hua
etal., 2018) . WYKL T, B ICK
¥yARJEF, 7E X Pert Pro MPD X SR AT 5 I 347
T XRD ) o MR 454 - Ni 380 F, Bragg-
Brentano JLf T4}, #M#% 4 LynxBye [4%1], CuKa
(2=0.154059 nm ) , &JE 40 kV, &if 40 mA, £
KR 0.02°, HEEHE R 1°min~! BB KR 0.04°,
BRI 10 s,
1.5 HHEDH

K HBAEY A K I Logistic LG SALEk
A JF SRR (He etal., 2008 ), A £diE % HH Microsoft
Office Excel 2010 #4174t 11, SPSS 20.0 #4777 241
Mr, Origin 8.0 FEA75A .
2 H#HREE
2.1 A[E Cr BR kRO M RYS1E

RISUEE AN R] Cr BURAEH i & b, Cr(TIT)
BT ERIEAT YR R, RH Cr S
B, XA RS EIM T w2zt fff
F1 0.4 mol-L™" HCI $#W¢ BfH# FEAH R 1T A Pk, A
WAL TR e TR AR, DU AR Crvk B, IFi15
SEBRICr)/([Cr]+[Fe]) Eefs] (1l 1), 255K, A
Cr BUREHEE H Cr B EU 51 19.24
47.82, 131.61 UK 152.15 mg-g ', KB Cr BT
AR Pz RIS Cr BUR A SEPREE/R
43 R 1.4%, 3.5%, 9.03%LL 1% 10.3%, 9/
THIEHEAE 2%, 5%. 16%F1 32%, X2 T8
B3GR B A R, Cr(ID) & T ANfE
BBUEAEAE T ( Schwertmann et al., 1989 ).

SRR B P EE A TR, XTI
AT T XRD 58500 (12 ), i@ S8 AEATE R
HERE A 23 D3 S B0 P2 v B R I R AR e R A T EL 2
KIL, ARBGETG S ARG P35 e ke HLRE
FAHI TR 2 ) Fe(IID#HE CrIDEUL, &9
XRD i TN E (20) 18] 2R (26 {E#U)N ),
EOAS SO AR TR AR 4649/ (Hua et al.,
2018 ), Sileo etal.( 2004 WFFE M, &40t Fe(1ID)
S Bl S 5 ph ST 1Y) FeOs(OH)s Bl A BT A Fl, 17
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Fig. 1 The percentage of mol [Cr]/[Cr+Fe] and the concentration of Cr
in the goethite
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Fig.2 XRD patterns of the synthesized goethite and Cr substituted goethite

M Fe(Il)#k Cr(IDHARZ 5, HJRFTE B X FR
) Cr(OHo.s)s MIZTHIA, MNITI4E/ING: J& B Z [a] /Y
FEES, dE—25 RS RS E AR
22 RUKZERN=FE

R R HORE Cr BUREHT O Wik s sl 2%
WE 3 e AR RRALEE (CK) Hr, FEACR
R Fe(IDMIAFEAE, ULBHE A BRIR R Shewanella
oneidensis MR-1 YEFHIS, EHERE AR RE & AL 18 SRV f#
TEGIN Shewanella oneidensis MR-1 (5405 ) Ak
i, (R RS Fe(IAY S BN AT 15 d PR
WK, S IR g mp S XTRe R TR %
H R ZLIR AN B T UM AE, WUk Re s ok
4K (Heetal., 2008; Liuetal., 2001 ) . 7EJL 40
d B}, 2y 3.36 mmolL™! A9 Fe(lll)#% Shewanella
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Fig.3 The rate of the total Fe(II) concentration profile for 5 Cr

substituted goethite samples using logistic model fitting

oneidensis MR-1 i J5i /i, Fe(IT). Liu et al. (2001 )
FIFHERIAJE T Shewanella putrefaciens strain CN32 if
JEET A B, 7 10 mol- L™ FLERAE Ay e TR AT
DT, V26 d 25, 29 1 %MEHERTgaa)R, 4
A2 3.8 mol'L™! A Fe(Il). HZAL, AWz
Shewanella oneidensis MR-1 bR E X M0 BoA
TSR SR RE 1 o B £ 80 B Fe(IID) B
Cr(IIDEAR, WEBSA Fe(IiSZHIBRH], (HARLLT]
SEAL AR S Bl ) ATy S 0 S P A K S T 27 R
(F3) . 7ERN40 dZJ5, 1.5%. 3.4%. 9.03%LA
J10.3% Cr WURHEHERD bRl 2.71. 1.63,
1.15 H1 0.81 mmol-L™" JiFEIZS Fe(IDA: M, BEHAZIL
JREE Shewanella oneidensis MR-1 AR5 Cr BUR
e mae s, HEGE )RR EM Goe>1.5-Cr-
Goe>3.4-Cr-Goe>9.03-Cr-Goe>10.3-Cr-Goe [RRAE
2.3 RUHEFELESD Cr WINEITH
HERFEAR] Cr BREH ™ A kad it i rp

Cr(IIAYMRAFIRAS , ASHFE [RI A 5 s 1o 1ok 7 rh i
BEANERES CrAI)kEAR L (K 4), HTFarsREk
AW pHE N 7.0, FEHLAAMET, Cr (D) KAELAA
it 58 S 4F 7£ ( Beverskog and Puigdomenech,
1997 ). Z5HRFEH, TERVIHT 15d, 1.5-Cr-Goe,
3.4-Cr-Goe. 9.03-Cr-Goe H1 10.3-Cr-Goe S W {4 %
o, WA Cr(I e B PGl E e s, 4351
AlikE] 1.22,2.28.,21.20 LUK 30.42mg-g (& 4a);
B JE R A RRE , B R IR R R
I 2.49%. 3.10%. 12.97%F1 13.69%1) Cr(Ill)
PR R . X R TIEARR Cr Btk
B AR JE S R, Cr(N) 2l Fe(IID)ik 5
fife T A 25 A8 TR R SR, TR Cr U4
SR IS R FP BRI S Cr(TID) e J3E 52 BAH S 3
JieEfass (1 4b ), RV VAT 15d, 5B Cr(IID)
e PP RRAR, Bl B m A Ree , JFn 1T
e AR, BRI L TEGE
JRETERT, 02 kAR R i R 4
J& BT (Bousserrhine etal., 1999; Lietal., 2016 );
IR, EA it —2 R fe v, WS E
& B S PR [ 2 29 4 b (Burtonetal., 2019;
Lietal., 2016 ), JTSCAERFST RN, WS Fe(ll)
AR A A T2, BRI S AR 4
AR 4 T AT 40 1 A 2 R R 3 PR
AR SRS, FE, WESESEET
(fncd. Al, As. Cr%) 7E0 ViAHE A SR,
A3 5 2 T 2 B R 4 B
HE AR A5 R 2 Fe(TID, BFSE /[ E
TEHTAE R 45k % (Huaetal., 20185 Liuetal.,
2019; XIEAESE, 2018 ), MAEAMIST 2, UL 10.3-
Cr-Goe (R Z A, AT &I A Cr(I) BT 750N
0 H4m%] 20.84 mg-g™'; WiEAF (L5725 ) Cr(IID)

35
(a) Aqueous Cr(III) 150 [ (b) Solid Cr(1II) (C) Total Cr(IIl)
= A 150w T 1 = = I s
30 SN , ——103-Cr-Goe YY Yy Y
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Fig.4 The concentrations of (a) extracted, (b) solid, and (c) total Cr(II) during microbial reduction of 0.02 Cr-goethite, 0.05 Cr-goethite,
0.16 Cr-goethite, and 0.32 Cr-goethite over 40 d
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FR 3 23 B0 M 149.34 mgrg! FEAR B 124.55
mgg . HAAR G52, HiFEA Crdl) 5%
A Cr(IR AR s 2 R A RO, H
ZHEIFEAZH BB 4 ), RIPFREZS Cr(1IT)
HA s D Y R 24 S A A A v () Is A s OE in i
i, HILATHEN], Shewanella oneidensis MR-1 if i
AF] Cr BUREH R i v, 258975 Cr (101 &
NEHERAT SR TR oRE, WM TEST T R, T
B Cr(1); FfiAE AR IR RS T, TFEIAS Fe(1D)
AL ET T R, TR 2R Cr(TID)H 53
]l T [ TR R R
24 HHERTH

FFEEEAR Cr B EH ™ A kad it i rp
WYZER AR, AR XRD X AN [F] 5 i B
[H]F (10d A140d) YL BErTRAE (& 5),
AR, RO H (10d) FRBER (404d),
Goe, 1.5-Cr-Goe. 3.4-Cr-Goe. 9.03-Cr-Goe # 10.3-
Cr-Goe MW ARZ T, TR0 XRD &35 Hfir iy
EFERET BRI 0, HAA R A S [RIE,
FFAREL B H W P RREAT S B . Liu et al.
(2001) BFFEERM, S8 FEEIL IR H Shewanella
putrefaciens strain CN32 YEF T 0] Rl A iz
B (FeCOs ) MEHRA", TiF S Fe(IDMEILEH A"
s AHEE AL AR, R A SR AR AR U ATk
£49:" (Handler et al., 2009; Hua et al., 2018 ),
AT, AR AR Cr B Rk 7Egkit
JE i Shewanella oneidensis MR-1 YEF T Rl E &4 —
W, B A S AT 2R,
2.5 Cr K EXHEN TRE MR

AR R, AR R BT &
WA A Kot &, W SR Logistic 7 ##
( Nea/(1+be ™) ) SEATAREL,  DUAE BT o & R A ik

W JU %4 (% B ( Chen etal., 2014; Heetal., 2008 ),
ARG R Logistic T FEXT AR Shewanella
oneidensis MR-1 I8 JFAN[A] Cr BUREM A 14 R 0EA T
A (F 3) , Hr o UGS Fe(IDR K
A, biR—MUBSE, kR,
NARFIERZR ¢ B 2R R IR A Fe(ID Y 75 . 1
BBHEFERWY, Goe. 1.5-Cr-Goe. 3.4-Cr-Goe. 9.03-
Cr-Goe F1 10.3-Cr-Goe WA 7 H S ALk i 4R
k 435 03596, 0.3135, 0.2866. 0.2638 LUK
02637 d"' (Kl 6) . H5Jt Cr BUAHEw HH LS,

Cr BUCEH A B A IR i 25 R I% ( P<0.05)
HAERE RS . XA FE RS Cr R
LG T B, ARFE Cr BUREH e B 71k
B JFHEES Cr WERREZ2REALR
(R*=0.9995, P<0.001) (¥l 6) . Sileoetal. (2004 )
XN TA B Cr BUREHRT A T3y 22 B o B
KL, Wi Cr BUR T AN, & 9208 BOE infa e
PRI, AR (I ZS A IS e, MELAIn AR

036F
;\ m  fvalue
E\ Fitting curve
0.34 \
T, 032¢
o
k=
g 030F
~2
028 £ ~
026 I
(rll L L L L L
0 2 4 6 8 10 12

Cr substituted ratio/%

E 6 $idFEEERSHHT R CrRENXR
Fig. 6 The relation between iron reduction rate and the mol ratio of Cr

substituted in goethite
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Fig. 5 XRD patterns of the Cr substituted goethite during microbial reduction
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PR 4k, Wan et al. (2018 ) F|H Shewanella
oneidensis MR-1 X Cr(VI)-iifi W W4 T30 2R 0H
TR AR Cr(VI) 3G =i, it ™4 2R 100 F Ji
A PR R AR BORIRR , BURLAT R AR, AT 42
TR AE YRR E M. RN, FEARERS
BEH Fe(LBt Cr(UDIAY, FHEkm™ 45t BoR R
E, HAEYIRRE RS . Y Cr(IID) &SI
FAEEIEF] 9.03% 5, APk Ji Cr BURETH ™A 1k
Fe(IDAHAR M FRE, Ak 0.26d7"' . 7EAA] Cr X
e RAgGR I b, g Cr BURE A
L AR EETT R, BB T Cr(IIDY
WG iR B — A B KO {E
3 %FHie

ARG U Cr B A 32k, L
FLER 0 R B TR, WESRERIE IR TR Shewanella
oneidensis MR-1 % A[a] Cr BUREH 2 1938 AR
S B Cr(UDRYRELIE 21T, SLEREi REN]
Shewanella oneidensis MR-1 X440 8% Cr B,
T RIS EA RS, HEEES0 T Cr(IID)
BRGSOk s . 75 SO I
] A, AN [R] Cr BAREFm™ SOy i 2, i B 2S Fe(ID)
TR EREE KRS, HYGRFEHR k1)
K/NIRFF R Goe>1.5-Cr-Goe>3.4-Cr-Goe>9.03-Cr-
Goe>10.3-Cr-Goe,, [AIFT, WFEIA Cr(IID)AY 5 & 2
PGS AR EH; FRiES D Cr(ID iy & &N
5 CrAID2AHR A, BT Cr ButEt
B SRR R R, BT Es R R ) Cr(LID) AT Bk
FEROTEF [ E B b
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Abstract: Chromium (Cr) is an environmental contaminant, which is easily substituted into iron oxides and strongly influenced by
interactions with iron redox process in soil. When being exposed to iron reducing bacteria, these minerals can undergo reductive
dissolution by the effect of iron reducing bacteria, which further enhances the mobility of Cr. In this study, the reduction of Cr-
substituted goethite (Cr-goethite) by Fe(Ill)-reducing bacteria Shewanella oneidensis MR-1 was investigated, along with the release
behavior of substituted Cr(III) and mineral transformation, by the microbial growth logistic equation, correlation analysis, and X-Ray
Diffraction analysis. Results from the aqueous Fe(Il) generation showed that the MR-1 was able to reduce Cr-goethite. Compared to
the pure goethite, the Cr substitution inhibited the rates of Fe(III) reduction, and the higher level of Cr-substituted content in Cr-goethite,
the slower Fe(IIII) reduction rate with MR-1. Iron reducing value calculated by logistic equation had a positive exponential relationship
with the percentage of Cr(Ill) substitution into goethite (R>=0.9995, P<0.001). Higher dosages of Cr(IIl) substitution would not
significantly decrease the rate of iron reduction. During dissimilatory Fe(III) reduction, Cr(III) released from Cr-goethite could be re-
incorporated into minerals during the secondary formation of iron oxides. The XRD results showed that the phase of minerals was still
goethite during iron reduction. Our findings suggest an critical role for dissimilatory Fe(IIl) reduction in changing soil metal
characteristics, as well as their potential remediation process in Fe-rich soils.
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