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Reductive dissolution and phase transformation
of schwertmannite by iron-reducing bacteria
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Abstract ; The generation and transformation of schwertmannite have a significant impact on the migra-
tion and transformation of elements in acid mine drainage(AMD). This study took Clostridium sp.
75480, an iron-reducing bacterium isolated from the sediment of a pit lake in an acid mine in Ma’ans-
han City, Anhui Province, as a representative to conduct a biological reduction experiment, aiming to
investigate its reductive dissolution and phase transformation behavior of schwertmannite., The experi-
mental results indicated that under anaerobic conditions, Clostridium sp. 75480 could promote the
transformation of schwertmannite into magnetite and goethite. Additionally, the formation of surface
adsorbed Fe( ]l ) on schwertmannite facilitated the generation of secondary iron minerals. The changes
in pH value, the decrease in oxidation-reduction potential(ORP), and the increase in Fe(]] ) concen-
tration all confirmed the occurrence of this process. This study provides a theoretical basis for under-
standing the reduction process of iron-reducing bacteria on schwertmannite and is helpful for recogniz-
ing the geochemical cycle of iron and sulfur elements and the migration and transformation behavior of
related pollutants in AMD-contaminated environments,

Key words:iron-reducing bacteria; schwertmannite; reductive dissolution; phase transformation; sec-

ondary minerals

FRMEW 1LHE/K (acid mine drainage, AMD)JEH™  fiIEFET pH (AR ARERER (SO, * ™) B e J& v S 7%
PRI A IR A E R R — HEE M ESEE T A AR S

e E B #7:2025-03-07;; & 8 H #1: 2025-04-11
EEUH: BRKE AR R H (52070062) ; B %K HAAE 234 BA 34 W0 H (U20A20325)
TEFEBIAv 2 T B35 (2001—) , Zr, SRR N A HE Tolk 220 -4
FIEPE (1980—) . B TR BRI i, A8 Tk Ko 8% b A S0
T A978—) A RMER A T A Tl K AR 1A 500 B 5 AE %  E-mail: sophiawj@hfut. edu. cn.



1010 ARe Tk K AR AAF R

49 %

PR T BB, it FS ) (Schwertmannite, Sch)
Feg Os (OHDs—,, (SO,), (1<a<1. T/ 8 W)
BRI ELRERERA ) 7252 AMD 15 YL (3R Hh iz
FAAE OO T8 4 Jm EAA SR ORI R ) 05 B 4
JEILTIERRE ) AR AR S5 T R AR
W JFFARAR AT AP S BCE S SR AR ORI, SCHRE3 ]
W5 20 i S 7E FedD ik T #EA0 M 2km™
AR A A IZS BT T4 AMD rh 8 438
PR ICRAT B S Sk 4 48 L 28958 pH (EF
fe A S VR TS 5 AT RE A4 4 A LR AR % A2 L DT
SEE SR E RS,

ARV BR A ) % Ak i e vp i o i AR
FH . SCERES IBFSE & PR, 45638 J7U B Giron-reducing
bacteria, FeRB) (il Geobacter sul furreducens) e
I A AR AR FedlD k)RR FedD . JF
M ERIRRE B LSRR B B AR ORI TRt
o T IR S FedlD 5 -5 Hoft g5+ & 4R 2
INE o DT A JS IR A R A ) 1 2 s SCRRL6 158 1
FeRB X it P A 4 138 S s AV AN 1T
PIRAE R T AR Cr I IE . 25 R WL 1
AW A A E AT W AR 722 1) G B 9K
7. M HXS AMD 75 446 B 4 B2

FENAE A Y- ) A0 BAE P A A T
R, SCERL7 J0F5E FeC I ik Tt (R84
2R 8 1 e Ak, & BZ R BB 8 A AL
AsCIID 38/ HAE FR 58 v (18 7 2l Ve Ao P 5 SOk
(8143 Mriita ER ™ I T AN [6) pH B Z&AF T 1Y %5 i 5
1% 48R T pH B A W R 1k 0 4 TR R
HYFENE 5 SCHRLO AR FeRB 467 49y S % gk adt
WU 2 & S 8 T E MR e
B EZEER. BRCA KEMR L FeRB
XTERAT ) (R 5 0] o (E X EL AR 3 D T A Gy 5%
Wi e A W ) A BRI F RN 22

ARAET I AT T RGARTE T NE A S
1L TR R M A LU T O RR A v O B 3 Y A AR
Clostridium sp. 75480 X Jifi FC W™ 4 1Y if J5 ¥ il
SOAREAC RS2 M0 38 3 PP I R AR TEAS [R) 554
T pH {H .S Lif 7 HL {37 (oxidation-reduction po-
tential, ORP) J Fe C[1 ) Jii 1 ¥ B 55 38 Jit 1% 14 48
PRSI AL, FE AT XA S (Xoray dif-
fractometer, XRD) , f# B 0 A% 21 4 Sl 3% %
(Fourier transform infrared spectrometer, FT-
IR) . #fi Ft 7 2 78 %% (scanning electron micro-
scope, SEM) % F Bt RAE W) 45 # K 48 7~ FeRB
FERE FCH ) b A ELARAE LD o BB AMD 26

S RBL R MOHLR AL IR DL kb
1 HESEE

L1 HEHRMERE

ARSI T A0 T R N2 BB 8 L i iR
PEW L 01 9 TR W v g B e 15 B Y Clos-
tridium sp. 25480, ASZEG iy 3G 3758 v 5 1
BRBE RN HmL T R 3. 4 g/L MR R R K
1 g/L # NH,CI, 0.07 g/L g CaCl, « 2H,O,
0.6 g/L @) MgSO, -« 7H,0O, 0. 722 g/L. 1y
K, HPO, « 3H,0.0. 25 g/L 7 KH,PO, , ki N
LYo M, B30 pH (EFEHITE 7. 0. FERCHI AR
PRIEFREET I 1. 520 BB AR By [ (A B 52 5 i
ARG FRREAE 121 CR i IR 287K 20 min,
L2 "WHaEK

FeSCERL T 25 U [0 TR T SEM
1 XRD SEATFRAL A& 1 Frzs . o] LAE A 18-
Py SEM 4 XRD 3% 1 5 SCERL12 58 i 6
W—3.

£

10 20 30 40 50 60 70
20/(°)
(a) XRDi# K

(b) SEMK]
B 1 MR8 XRDIEEF SEM B

L3 EHRETYHERIR

HESLHEAE 100 mL RV 1T, R E 2 4
LIGIRR BRI SV R Fe'" fA R (Sch+
Fe'™ 5 Sch+ FeRB+Fe®™ ) ; 1% 35 Je th A & 15 %
P Fe* " A& (Sch 5 Sch-+FeRB),

BL0.2 g2 180 'CTHKEE 2 h J5 iyt [RH™
YImEREM . Sch+Fe 4l A 100 mL #3
BRI SR 4L, Sch-+ FeRB+Fe* " 40 /i A 99 mL



% 8

FrPBERR 2k BE 323 1 mL 40 1 2 V7 i (ODgoo (124
5 2.0), Sch 5 Sch+FeRB 21 [q] I, By 8% 35 3
AT AP R R AT R R R R R ik . i s %
FEYPIMA 4. 76 g/L 45 VR LR T 4
FREaEm pHAE., B BECE 3 MEHE, EM
PRI 55 75 14 2 b pH L ORP, p(Fe (1))
pCEFe) . o(SO ) i TS HUM 84k, 73 BUE
TR S0 3 RISV R TS 1 AR
L4 SWAESNE

ARWFFER 1, 10-4BHE D ok S €030 00 5
W FeCll) i Fe W B R B 1 (435 4%
D8 W SO /Y T & e B2, AL FTIR,
SEM, XRD ZAE [ AL i 25 F4

2 HR5WR

2.1 AEFEFEF pH EF ORP T
e 15 d 13EFE B N, Sch+FeRB F11 Sch+
FeRB+Fe' ix 2 2SR & pH H¥ k4 T
WEAA . SRS A RO AT
CeH, O + 24Fe* +6H, 0 —

24Fe*" +6CO, +24H" (D
FeS, + 14Fe’" +8H,0O —
15Fe*" 4+ 2S0Oi + 16H" (2)
FesOs (OHDg 2, (SO, + 22H, O —
8FeOOH + &SSO + 2xH" 3

AR Z o pH {E A1 ORP () 728 46 15 5 2
2. M 2a ATLLE 1, TCRE A R4 pH
{EHGEE N 2= 2 4. 5. 1A B A LKAk R & pH
RS E N R, ) 5 d . Sch+
FeRB 41 fil Sch-+FeRB+Fe'™ 41 () pH {E4> 3%
JEFE 2.6 F1 3.7 gy ik Fh 25 5 R BRI JE: FeRB
F A A BEA IR Fe(D S A£G FeCID A1 CO, 5 M
AR TR pH EDY LR (D) L it 4b
) 5 Ak 7= W) 4 E R BT (FeS)M & k5
(FeOCOHM " (T it 23t — 4 AR AR R 1 pH
E (O R 2 (3)) o SR - TE 7578 Vs i
P Fe' IR R L B RRAR S Fe' B AR RN
BRGS0 T Fe K= H )8
T pHEM TR . B 2b a] %0, Jo %t e 4
i) ORP fE/ME R R G Fa € AE 105~115 mV. i £
A ERAR R T, ORP fER I 3 d NG T FE
2930 mV, b5 e R g . X —PRu T R
FRIAR Z5480 MRS A TG 5 . 5 SO P B
JEHE I Can Fe? D38, [l 4552m T ORP, 5%
W I8 JE PR IR B P A S ORP A8 Ak i) £ N %

RE AR R T ARG 46918 R IE A AR 4EAL 1011
Z—0m,
T —%— Sch
Sch+FeRB
o
LN Sch+Fe3*
5t i _—— Sch+FeRB+Fe?*
e
4t .
3 L
2 )
0 6 9 12 15
t/d
(a) pHIH
200
—*—Sch
Sch+FeRB
1601 T\ . Sch+Fe™'
E 34
E 120k —— Sch+FeRB+Fe
a N
=4
O g0t
40t
0 :

#d
(b) ORP

B2 FREERS pHEF ORP HELIER

2.2 {REPRMBY Fe 1 SO," RERETL
RZH Fe?™ | 8 Fe fl SO,° it 4 Wk i A5 4k
FEHLINE 3 B, mIE 3a. &l 3b AT, Fe™ il
Fe i ik B i A8 Ak 35— 250, e 1 it IR0 0 7
FeRB YEH T B g G4 ALl fE . JC R X BR 4
A E] Fe' " BB B BEA EIR Fe' 5 i fE
Sch+FeRB+Fe*t ¢, Fe' ™ Mk FELERT 2 d
Gk b TF B S T B E £ 2 850 mg/L, iX 1] RE
SWRAT I A O, & BT R A U 2
T E S Fe'™ 578 Sch+FeRB 41 (UK e
Wy 1 Sy v 7 32 4k, A= 9 mT ) M AR
Fe' " Fiiyk BENAE N 2 d JG T IR 2518 BT IR
FETEZ) 35 mg/L, X RUIRPE 25480 REME A it
S Wb g s Fe T VE R i 732 44 (A RCE
AEXFEAR . 1 IET 3c AT, 0P s I 21 JC 1R 6 RE 2
J& s SEEIWEL RN SO, BN, AT BE S i Tt
FCH ) 2 1 W B 8 0 SO FE D3R i 3] 7 W
Hls B SR UEA T i FC T R Y Fe (I iR R
fEREE SO R, 7E Sch+ FeRB+Fe'' 41
Hr, SO R IEFERT 5 d WS Fe'' #
LI RaF, 2 FeC D i JFUAT SO, B[] 4 0k
1. (E15 1 M J&. 78 Sch+FeRB 411, SO,*
Frit ik B 0~2 d WAE TG LTt X Pl 4]
REJZ T Pk 25480 76 B 48 4 1 A S A



1012 ARe Tk K AR AAF R

%49 %

fRPER SO 1E 2t d 1524, 72 A S HET
BEET W a5 i Fe D, B 9 Fe—O
SR 2T RCR B Fe' ™ 1Y Bl Fe'' ik it
MR SRR Fe' AE i 13244, SO J5T
IR REZ S

1200 14001

B2 LS, SO IR BE 1Y B2 2 5
A RESE T SR ZR A S [ AR AN TR . 9]
W1 BB 1 S IR G54 v R B 23 X SO IR
PP SRR ot A 1 TR AP X LA B 2 SO
HyE,

—a— Sch 800r ——Sch
e —>— Sch+FeRB —o>—Sch+FeRB
_ 900t = 1200F SchtFe* - Sch+Fe*
3 £ —— Sch+FeRB+Fe?* T, 600F ——Sch+FeRB+Fe’*
; et =1 000 v £ -
X 600 —+—Sch+FeRB o =
o Sch+Fe®" o 800 Q 400
= 300F ——Sch+FeRB+Fe*" Q At
<X S S— {
0oet—R—p———p U — ' 200
03 6 .9 12 15 0 3 9 12 15 0 3 6 9 12 15
t/d . t/d t/d
(a) Fe (b) AiFe (c) SO;~
B3 AREMEZEH Fert & Fefl SO RERETHER
2.3 B P IR LRI BROR , 2 T HAT BN B AT I K

i XRD Xt B B 40 b 2 A5 0 #r s S0
15 d i 2 AUARIE R # XRD %
SERANIE 4 7R

KA @ @ BT OFRERT S LT
*
* - Sch+FeRB+Fe*
b bt s Lol .A*A.'..AA "
. w0t o 6. Sch+FeRB
EE%‘( MMAM«WMW?\WWW L \y“(?‘}\(
Sch+Fe*
Sch
J - L J5i4fiSch

10 20 30 40 50 60 70
260/(°)
B4 R 15d3EP 2 AERER X WH XRD & E

FT P& 4 AT T o B 2L 7 IS0 435 oK I M AR
558 25 IR U 40 B RRAE 0 L 5 T A R N B )
TUZEAE % A B S5 9CAE , #F Sch+ FeRB+ Febt 4
L it FC BT ) B AL R BT AR RE R R R ik
W H B ARG S RERR T R
TEWE EL AR S . ST R, Fe' ™ BEMALIE R4
R RN AR N T =R a7/ ]
W, BEAh. FeRB A3 (1 £ W) 5 1k i 7 g
SR ARk B TE ™. 7 Sch+FeRB 41+,
AR BT 1 I O 32 BRI 06 AR AN R

B IR
i 15 d i fEH 2 AR RIE B ki W 1
SEM KUnE 5 s .

HITE] 5 R AETC TR0 IR AL L 6 ME A AN S

WYFEARRT TR 28 R IR B P 97 16 d R R
W] AR5 A M AR 5% 4K s 7E Sch+FeRBA+Fe' 4 v,
WYIESU A T WAL B3 I B B
AR S5 o 02 ol BHERT T S A B4 s 30
FEUN  7E Sch+FeRB W8N B9 ) K& 5347
SRPRBE Tt R ) DA PR s R BRCER 45 4 {ELEG
HAT BB AR B 1 P TR AR A L FR T
B A ZER IR B 1/ NBUR ) B M

(d) Sch+FeRB
5 KRR 15 did#Brd 2 BERBEZXE ¥H SEM

i FTIR Ayt [CA™ 1) F1 45 S 56 R A= 4 )
B RERIZ544 , Inl&l 6 s .

H & 6 TR RGP 611 em ™' 2RI
WXt i SO 43+ 25 i i 3l 981 em ' Ak
SO 4 F N X Rk 48 Hk sh T i g,
1121 em ikl SO, 43 = &) I SR AR fif
i PR B e e, IR 2 AL F 1055,



% 8

RIS, kR AR A T AR 40938 R IE R Aa AR 4EAL 1013

1176 em A JFEAEAE S HE 701 em ' b W A I
XN Fe—O g4 85 1 629 em ' 4b W g i

H—O—H WMaadRsh ™4 ;3 252 em RIS
X PR e . TR B 3 KRR 5 R
P REA — B A SR AP TR N 22 57

Sch+FeRB
Fe—S
Sch+FeRB+Fed C=0 ™€
ﬁ C—H geptpe OHso4
= .
e Sch
J5i4fSch
*OH Fe—O
4000 3500 3000 2500 2000 1500 1000 500
WeH/em™

B 6 KA15dERF 2AKREEZIRT Y FTIR {EE

7t Sch+FeRB+Fe' " £ H1,7£ 891,791 cm !
b R I —OH FRAEWE ", R Bt [ )
AT B R AR AR A BT R E 642,564 cm !
BT HH B S A A R 4T N AR B 0, 3 R
V5T IR RIRE R A 21 AN AR 25, 3 W B
BT Be A SRR TR

1 Sch-+FeRB 2H 7,1 081 cm ' 4b A W g s 2
Fe—S g2, 454 XRD 45 54 I 5 i v AE
YA MR 51 025.1 154 em ' A (R W2 1Ag 068 7T i 2
SO &5 it 9% 2l & A= % 7 26 195 L 4h, 2 920 ~
2 850 em ' (C—H g3 .1 650~1 750 em ™!
(C=0 %54z & 621~632 em ' (C—H 25 fif
P2l S5 WU IR U5 22 B 5230 40 7™ 1 P AR AE A
YRR 7. 3 000~3 700 em ! BE g
BRAEAL Y IR, A UK
2.4 HYEALHLE

A 2o A DA A S 6 RN A 43 BT 5 AR SCHE
TR RR Z5480 A T it AT 9 1) 34 J5 2 A AL
WE 7 s, ZERER R 2 A BB Bk
& FeRB FI| FH ] 4 W5 2845 f8 7 SR Ji5 i o 2 1 ¢
BV PR ™ 9 SR 8 3 T A, 4 T T
b el A (R TR IR B Ak T2k
AL T R YR ) Fe' R i T2 4k
K HIR A Feo o - fEb SO Bt HO2 %
WA B T B s G E B ). AR
AP RAET YRR R & 225, X Bk T
Fe' " F1 SO HREHH 3 S 5 b HAh 25 7 1)
MIEAER . BfE Fe J& 52w [C 0 Y 78 B Ak

Z5480 fERI M ik i i AR 2N R . 72 A
TEARIE B’ IR P BUFEAEAEE T FeRB #Y
AR Bl %) T FeRB 15 31k Fe'' &
Sy FARRG T R AR BSOS AT AR RE 2 FH T2
KEH . #5r FeRB ARSI R Fe'
WAEIL SR Fe D& 1 (HXS TR 2210 Fe(D ™
WIS AR REREAR X R FeRB iR 2l 75
TRIHRE LA i Fe' pofitan . BbAh. ik
YIS Sl P ) — SEA R RS 2 2t Fe (D
RZIBE ISt

TER ﬁﬁﬁ’%iFe”MK?EP Jiti F A4 114 32 %
FACT= Do B R REBRAT TN AR R X L5 1Y
TR Fe' A E S UG, SCERE3 TRFST
FWHEEY IR R Fe™ X ™ 1 i) A AL 5% 1L
R pH AR SR ARSI K B AE A [R]
% pH (HIREE 11, FeRB AR 7 42 1 Fe*' {3
F AN A Y e Ak X AT fig 'ﬁﬂfi%%%*
ZHNE RN ERA R, MILZ T NS
123 o SR DL L - L AN A7 SR e AR PR N
FIERRE™ . LPRRBLAERRME R 55 P AR X R = i
WA MBI R K ST 5 Fe' T RN

EEpIRT CO,

mm o — o e
F(HI)(S)

ot (T Gar) _Eo

RSN
a ﬁ - FJ; p

X
<!
i CO,

A BB
T ERTYNEREUTEE

3 &

ARSCHEGE T BRIER ILSTI TR 43 2345 2 1Y)
PAIPE Z5480 i J5jite FC 47 4y 4 % v 1 o0 28 B il %
YA L, S5 RERWT L TE 7 R A A
BEASIE T kR 25480 RS i 48 Ui [C A )
(A3 SV A o 2B A BT R0 RGBT AR ER A 5
MAEA TR fNE Fe' " iR R v, E2E e 2Rl
B, X UL PR 25480 7E52FR AMD ¥Rk
Hh R I it ECA™ P A S R 5 e K 0 B - 9
= pH ﬁﬁ% b BEFRAICE WA S5 0 G 28 1
AMD 15 e ya BB AL TR LA

(& % x W]

[1] Rambabu K,Banat F,Pham Q M, et al. Biological remedia-



1014

ATk K FIRCH KAF RO

%49 %

(2]

(3]

(4]

(5]

(6]

7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

tion of acid mine drainage: review of past trends and current
outlook [ J ]. Environmental Science and Ecotechnology,
2020,2:100024.
Bk Wbk AR A T X I A R R A 4 A 1 K
FeEBLH L. 090 A R AL 238 4 . 2020, 39 (1) < 1-11.
Burton E D, Bush R T, Sullivan L. A. et al. Schwertmannite
transformation to goethite via the Fe(]]) pathway: reaction rates
and implications for iron-sulfide formation[ ] ]. Geochimica et
Cosmochimica Acta,2008,72(18):4551-4564.
Paikaray S. Environmental stability of schwertmannite:a review
[J7. Mine Water and the Environment, 2021,40(3) ; 570-586.
Cutting R S, Coker V' S, Telling N D, et al. Microbial reduc-
tion of arsenic-doped schwertmannite by Geobacter sul-
furreducens [ ] J. Environmental Science &. Technology.,
2012,46(22) :12591-12599.
Wan J,Guo C, Tu Z, et al. Microbial reduction of Cr(V[)-
loaded schwertmannite by Shewanella oneidensis MR-1[ ] .
Geomicrobiology Journal,2018,35(9) :727-734.
Burton E D, Johnston S G, Watling K, et al. Arsenic effects
and behavior in association with the Fe( ][ )-catalyzed trans-
formation of schwertmannite[]J]. Environmental Science &.
Technology,2010,44(6):2016-2021.
Paikaray S, Peiffer S. Dissolution kinetics of sulfate from
schwertmannite under variable pH conditions[ ] |. Mine Wa-
ter and the Environment, 2010,29(4) :263-269.
TR W KAR. BL A B A7 ) B X e e O AR
PRSI B A, 2024, 44(6) :1299-1310.
AR R KR b P BRI TR 14 43 S Al Ak B kA i RE ) S e
[DJ. B« PEAL AR H R, 2007 : 14,
Regenspurg S, Peiffer S. Arsenate and chromate incorpora-
tion in schwertmannite[ J ]. Applied Geochemistry, 2005,
20(6):1226-1239.
Fan C,Guo C L,Chen M Q, et al. Transformation of cad-
mium-associated schwertmannite and subsequent element
repartitioning behaviors[ ] ]. Environmental Science &. Pol-
lution Research,2019,26(1):617-627.
Brand N, Mailhot G, Bolte M. Degradation photoinduced
by Fe(]ll ) : method of alkylphenol ethoxylates removal in
water[ ] ]. Environmental Science & Technology, 1998,
32(18):2715-2720.
Gy AT . BN KA L rh I ISR IE AR I i B 2 R
LD R - PEALARARAR R 2%, 2011:39-49.
Naidu G, Ryu S, Thiruvenkatachari R, et al. A critical re-
view on remediation, reuse, and resource recovery from
acid mine drainage [ J ]. Environmental Pollution, 2019,
247.1110-1124.
Bigham ] M, Nordstrom D K. Iron and aluminum hydroxy-
sulfates from acid sulfate waters[ J]. Reviews in Mineralo-
gy and Geochemistry,2000,40(1):351-403.
Chen H, Zhang D, Nie Z, et al. Reductive dissolution of jarosite
by inorganic sulfur compounds catalyzed by Acidithiobacillus

thiooxidans[)]. Hydrometallurgy, 2022, 212:105908.

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

A3, 22 BRI AL T K b I e 38 D A 1 43 B
(1] AL T 34,2018, 38(4) : 408-412.

JAEI. BIES 5 A HLBON ST 207 A 0-MnO; W FHa (T
PSR A 7S (D], BHES « AR T A%, 2012 16-19.

Fan C,Guo C,Chen W, et al. Fe( ][ )-mediated transforma-
tion of schwertmannite associated with calcium from acid
mine drainage treatment[ ] ]. Journal of Environmental Sci-
ences,2023,126.:612-620.

Hansel C M, Benner S G, Neiss J, et al. Secondary mineral-
ization pathways induced by dissimilatory iron reduction of
ferrihydrite under advective flow[]]. Geochimica et Cos-
mochimica Acta,2003,67(16):2977-2992.

Zachara ] M, Kukkadapu R K, Fredrickson J K, et al. Bi-
omineralization of poorly crystalline Fe([[[ ) oxides by dis-
similatory metal reducing bacteria (DMRB)[]]. Geomicro-
biology Journal, 2002,19(2) ;179-207.

FERE 2 R0, 2 5. SHER AL A R X CrCVD B I
S ]. 2 5 TR 2024, 31(4) :236-243,
AR A, S0 AR S RV I K PR A E R R IR
L (1 B B O 1 40 1 A 5 AR e AR s e ) . BB
BlafeE4R . 2018, 38(3) : 3138-3145.

Li W, Wang Q, Feng X, et al. The distinct effects of iso-
morphous substitution of various divalence trace metals on
hematite structure[ J ]. Materials Chemistry and Physics.,
2018,217:40-47.

Larosa C, Salerno M, De-Lima J S, et al. Characterisation
of bare and tannase-loaded calcium alginate beads by mi-
croscopic, thermogravimetric, FTIR and XRD analyses[ ] ].
International Journal of Biological Macromolecules, 2018,
115:900-906.

I 2R L SRR A B X 1R e A i TR 2k 4 A 7R I
BREAL SRR A I T L) ], A A EREE 24l 2024,
33(10):1590-1599.

A8 . B I ST A St LR Y 3 SR ML R LD L )N - A
BB T R 4.2023: 111,

Cai Y, Zhao X,Zhao Y,et al. Optimization of Fe?* supple-
ment in anaerobic digestion accounting for the Fe-bioavail-
ability[ ] ]. Bioresource Technology,2018,250:163-170.
Marsili E, Baron D B, Shikhare 1 D, et al. Shewanella se-
cretes flavins that mediate extracellular electron transfer
[J]. Proceedings of the National Academy of Sciences,
2008,105(10) :3968-3973.

Majzlan J. Advances and gaps in the knowledge of thermo-
dynamics and crystallography of acid mine drainage sulfate
minerals[ ] |. Chimia, 2010,64(10) :699-704.

Berg J S,Duerger A,Cordier L, et al. Rapid pyritization in
the presence of a sulfur/sulfate-reducing bacterial consor-

tium[ ] |. Scientific Reports.2020,10(1) ;:8264.

L = 50



