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Influence of iron salts as C1 /SO;~ on iron minerals formed in
Acidithiobacillus ferrooxidans solutions with soluble EPS
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(College of Environmental Science & Engineering, Yangzhou University, Yangzhou 225127, China)

Abstract: Extracellular polymeric substances ( EPS) extracted from iron bacteria can promote the iron aggregation
and then form iron minerals by stabilization and deposition actions of ferric ions. In this paper, based on the key
regulation or influence on ferric bio-mineralization by iron bacteria or their EPS, the authors introduced the bio-
mineralization formation of iron oxyhydroxides in soluble EPS-containing solutions from Acidithiobacillus ferrooxidans
cultures without/with Fe( II) or Fe( ) at various molar rates of C1 /SO . It mainly described the change of so-
lution pH values and the phases and structures of the formed iron minerals characterized by XRD, FTIR and
FESEM. The decrease of solution pH values and the characterization results suggested that the micro-sphere schw-
ertmannite covered by “pincushion” or nano-spheroid schwertmannite and micro-prism jarosite particles could form

in all reaction solutions. The resulting iron precipitates uld be regulated by bacterial EPS, which, however, hardly
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had impact on ferrous oxidation, and addition of iron salts could promote the transformation of initial schwertmannite

into jarosite phase. It was also demonstrated that phase transformation and particle agglomeration could be prevented

with the increase of Cl~ /SO, molar ratios (i. e. increase of Cl~ content). This might be related to the higher SO~

content occurring in the reaction solutions, which facilitated phase transformation of iron minerals and presence of the

tightly assembled spheroid particle morphology.
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AFAE, AEIR A U S 2 A DR R 45 A 25
FE AV, IRk A A T — B AT
PLCE LA, 2007 B % H5,2012; Zhu et al., 2013;
Huang and Zhou,2012; Wang and Zhou,2012), {EH
PERISSIRIE H AR AL P AFAE I BRI A B AL 5 )
T AT A (goethite, a-FeOOH )« I J5 £F 2k ™
( akaganéite, B-FeOOH ). £ 2k #™ ( lepidocrocite, ~y-
FeOOH) FI/K A (ferrihydrite, Fe Oy « H,0) 254k 4)
(Sivkov et al., 2015); T {5 & & % A0 W26 G 1T (4
(Acidithiobacillus ferrooxidans, A. ferrooxidans )1 S.Fe
TUER IR 1L 7K PR35 A 38 k47 7 £ 2k 1 S R4
E LD R AT R SR B R AL (Liu et .
2015) 0S40, RVE ST R G e B R K R P
A. ferrooxidans TR {2 3E Fe** S AL R Fe’*, KM & &
T AR5 Ve IR W TP 1) P TR At TV it Ja Ry 2 41
B BB AR B2 B AR IR T ) DT E ( Liao et al.
2009; Xiong and Guo, 2011).

ISR AR A0 0 6 R AT HILRE o T oh 22 R 4
(Cextracellular polymeric substances, EPS) [ 3= 22 B.7 4
ZPEANE 15 E AR A L= JE LS 9 207 RO, B
IR SR PE A AR R A P 201 2 77 T S A K
YEH(Yu et al., 2011) . Wi A. ferrooxidans 43 EPS
55 Fe " AR AR F T 52 W €™ 400 % 22 0 8 e ™ 400 114
ON BLHE 2 (2014) 3IESELE pH (HE il Fe'* 5 EPS
AHH AR FHBEREAT RO AR BT 5 Chan 25(2011) 551 %k
FESE(2013) KIMAEE & A, ferrooxidans 1A/ i
AR 3 UK EPS R EkE 5, IRl P sl A
AR TR AR«

RZWFFUE AL BRI S AL S P 2 A il 72
H, Fe? " IR A AE RTINS 2R ) (¥ 5 A 1 7 ( Boland et
al., 2014; Yan et al., 2015) . {ELPPERREEA T,
Fe? " {EHI R IR T BAR &5 s L0 W) A 8 I & 1 o

RGBS AR B S A A . i Fe X
FeCOH), Bt M) o, B-FeOOH FIA#E LA — 5 e
HEER(Liu et al. , 2009; Miao et al., 2011); Fe** &
EPIR y-FeOOH #4EH o-Fe, 0, 113 F2H Al 78 2 ik
FIINIE y-FeOOH ¥ fif AL 3L 1™ 49 (8] (1) A2 4 ( Yang
et al., 2010; Jin and Guan, 2014). HIEAEWERY
R B, FS A% 6 i k™ B 77 IO Bk A Al B R PR
WL A IR EPS e AR A0 R A4 4 i R B BB 2
M AT bR e i AP0 IV s 5%, 2016) .

SR ER T b A G IR BE A T 52 A% 1k, Fet
Fe' " Fl EPS A A 5 A7 75 (R B 25 16 BT 4 T B 11
SEMA A FHME DA e R 2, AH OCHRIE H AT 8Lk =, i
A TAEM 2 H R R R LG €L /S05 (b
U5 Fe(ID 8X FeCIID #AER T, & I %PE EPS 1 A, fer-
rooxidans ¥ C I 2 BRERDTTE AN 40 B AR K A, ferrooni-
dans F5 3500 TR W) R TE BG, LL2E 520 T il EPS.
Fe’* \Fe’ " FIAN[A] IR L IR CL-/S0; M B8 1 AE Bk
WA AT Jsas R A 1 S 4

1 MERA

1.1 AT ESNEE

FeCl, * 6 H,0.FeCl, * 4 H,0.Fe, (SO,), * 9

H,0.FeS0O, * 7 H,0.(NH,),S0, .KCl.K, HPO, .MgSO,
7 H,0.Ca(NO,), « 4 H,0CAR, Liff[H 254 [ (k2%
WAEBRAFD .

HZQ-F160 B35 R CUL I35 KA 52 U S 56 A3 4% ) 1
HRRAF]D , DHG-9023A 7Y r FVE I 5 X T R
KA Es] AR A D, SHB-IT EH /K X £ H B 45 4%
(R RHRER WA A IR A FD . 111000 B HL 7R
CHyBOUAIRA AR ), pHS-3C BU%F pH i, 722G
BA] WA e ETHC B TCHT) o« Tensor 27 & 37 112t
2L A 6 i X CFTIR, 4 [H BURKER 2 7)), D8 AD-
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VANCE H % & X-ray fiT5H X CXRD, £ [F 41 & 5 AXS

N 5 S-480011 HY 7y A S 44 L 1 WA ( FESEM, H

ENERVA/NCIDR

1.2 &TA[attE EPS BY A. ferrooxidans 153588 B
)

ToHL £ By 7% 3L ) &% R B CNH, ),S0, 30 g,
K,HPO, 0.5 g,KCl 1 g,MgSO, *7 H,0 5 g,Ca(NO,),
0. 14 g, VAR T /K o Bl 25 LF (v N 101 iR M
WpH R 3.2 ~3. 3 ZalE, HEBFKERAR2 L,
AR 5 1% 9 K EHLEh IR

A. ferrooxidans ¥53%: B FeSO, * 7 H,0 4.25 g,
5% MR L 5 A9 K B IR 20 mlL, %% 1K 80
mL, JIA 250 mL HEF R, S8 )5 B T 28°C 1180 r/min
AR R 5T TR 36 ~48 he

TRl YE EPS 18 A, ferrooxidans 15 37 VS W 45«
FIITE AL ACAR E 110 40 B 5 7RV T 2 DB AR i 2 R R
DUEMZE 0. 22 wm THENEBE 2R A, ferrooxidans A0 il
ARG DS MLRN Ry & nT s EPS [ A, ferrooxidans 1557
VAR RAFHIPTAT DRI TS 0 TR, LS T, PN

N R N T R By Fe R SO IIMIAR
WREZ 294 0. 12 mol/L F10. 15 mol/L.
1.3 & C1"/SO;™ Y Fe th R [7 7&K Pk 7 $ FZ BX
K16

1270 mL KOV CFRBER M pH =3.3) I
BRAREAMIN Fe MILHHE S 0.1 M, Hoh 4 ik | &
Cl™ /S0, BEhm W& 1 F1k 2. HAT 270 mL %4k
FICA ~Fya~O WP S+ C1- (F/D) 8¢
SO; " (A/a), 8 Cl~/S0;~ EE/REL R 4393124 1(B/b) .3
(C/c)6(D/d)10CE/e) o Ty B FIFE RV 5 A T A
TRANIE K L 6 AR BECCKOD o

¥ Ik A 270 mL R HEATAMIN Fe £51) 500
mL HEIE 722 (A ~F 5 a ~ ) K6 CK JUE 28C .
180 r/min 35 IFE IR, FHRR B 160 70 R 25 R 5451 K 1)
Ky o BEAEBIVE 3 A FAT. 0 ~ 144 h NI [A]
P 58 I s B pHL AE, LSS Fe DD R RILTE
TE B AT W 11) A Ak sk R, 6 BT A5 Bk i e e AT
LAESTHT

1 FERA®IMMIFe(MDEREEC« AN CI)
Table 1 The contents of extrinsic ferric salt in 270 mL of reaction solutions ( * is the additional Cl~ )

S €L /802 RN FeCly + 6 Hy0 S Fe, (50,05 +9 H,0

b i

IR L R Fe** /mol FeCl, * 6 H,0/g Fe** /mol Fe,(S0,); *9 H,0/g
A 0 0.000 0.000 0.027 7.587
B 1 0.009 2.432 0.018 5.058
C 3 0.016 4.379 0.010 3.035
D 6 0.020 5.473 0.006 1.897
E 10 0.023 6.081 0.004 1.265
F * 0.027 7.298 0.000 0.000
K2 REGARIMMFe( IEEE (+ RN Cl )
Table 2 The contents of extrinsic ferrous salt in 270 mL of reaction solutions ( * is the additional C1~ )
AMIN €L /802~ 1 SN FeCly = 4 H,0 S FeSO, + 7 H,y0
Qb B
JE/R L R Fe2* /mol FeCl, * 4 H,0/g Fe2* /mol FeSO, +7 H,0/g

0 0.000 0.000 0.027 7.507
1 0.009 1.791 0.018 0.004
c 3 0.016 3.224 0.011 3.003
d 6 0.020 4.030 0.007 1.877
e 10 0.023 4.476 0.004 1.251
* 0.027 5.373 0.000 0.000

1.4 #HmBIRIESDHAZE

HOH pH B HH AT pH VI s RR AT Fe
WL FHAR ARG W8 LE (175 I 52 CAPHAD , IR 715 Fe®”
AR B Fe AR 4 D66 B vHllbE . SR

FTIR 35 (S0 s MR ) 2 1117 465 A4 20 B 2% B 6 1 O, 1%
IXARBCA — AN KBr 20681 DTGS K 2%, Wl
R 50 400 mg KBr, 0% K 4 em ™o £ A 1Y
J XRD 1%, TAEAF A CuKa 2,40 kV,200 mA, $1
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SR 45K i FESEM 1 5E .
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8, XA e EPS Al 5 ke’ * & AEAE AT 9%, A mi BHLAS
T Fe T KA B K S 5 Ui T B CEE Y,
2009; Cao et al., 2011; #REREESE, 2013) . Fe'* )
DUER A ML IR R, &f Fe’ (WIHKIER
0. 12 mol/L) 1 SO;~ (WK E A 0. 15 mol/L) )X
IR, AT D Fe’ T (2] 18% ) T4 EPS Wi ™
WIE R A A A

B2, BRI D CEE I XRD B B T A
BRI 8 A = LR fE U6 (5.8.5.09.3.63.3. 11,
3.08.2.28.1.98 Fl 1. 83); X N FF & ) FESEM JE 5
AR SR YTTE the B A7 SRR B JBURE 24 N 35
T 7 HOIR SR B B, ™ ) R RE 4523 A 1 29
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Fig. 1 Changes of pH (a), and Fe concentration and precipitation rate (b) in reaction solutions
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Fig. 2 XRD pattern and FESEM image of

iron precipitate obtained from reaction solutions
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2.2 4MIR C17/SO;™ BY Fe'* 5 Fe** £k BY K R iR i

pH EXK Fe’* T ik

B3 i, fEAM AR & & CL/S0; 19 0.1 M
Fe’ 80 0. 1 M Fe’* RN AT, W pH E R 5 Y. i
[F) ) S 3R 56T B, T Ja e sl AR A 0T T . WL,
Bl SN EAT, B ) OH ™ 5 Fe® MY, il HY
H*, W pH (EAE 144 h Wi R o B4R S8R
3 Sk N e D < VY 5 I N S e S R
FOH™ 5 Fe** TR T MU iE Y, H* B TRE % W
S pH R EhE T FRa i R g BT, AT RE
SEAEERUTE NS T L R ™ Py I 1R g 3 E L
FCAE R R R, T3 U N OH ™ W T s JR AT g
S B S 1) (R RE S8, 8 B IR ) 38 9 A o, W f
TEW )2 T AFEE [ Fe** K-S WU FeCOHD?* . Fe,

COHDZ™ SEBMRORE TR BV B » A Fe' ™ AT OH -
2.1
Fe(I11) —B—s0, —O— -l
500 —A—R=3 —&—R=6
—fe—pr=10 —+—C

pHAll

120 160

0 40 80
Ft il /b

W T e PR AL A, 2009 4281 4114%,2011) .

IR S N AL FVA R A 144 h 5 R I 3 HL Ak 1
DOEHRILAR EAT 23% ~29% CLUR N Wb BT &
0. 12 mol/L [ Fe’* Ay i i) , W v A gk & 1) i
AR BRI DT R (L1 18% ) o 1] L, AMINAN [H]
SR CLIT/S02 1901 M Fe** 5001 M Fe?* X J5i Jx
IS R R B TR D A A B T A R AR T S (AN 2 AR
B UbAh, TEREAS IOV ] Y, P ) Fe® B i L
-5 HAT G S 2 B Fe?t R, IX W R N
T BT & AT EPS X Fe AL AR A R . ]
Chan %5 (2011) 58 H 4 (2013) KITEE & A
ferrooxidans [V EEA b 40 B 43 W 1Y) EPS W] 5 4k 45
Ao HI I PTTE SR AR RIS 2R A 1 L TR Bk
Yo XA LS 0 22 5 vT 8 A2 e R N AR R
T A AR B A S ANA T EPS 150 .

250

—B—s50, —6— g=1

—A— p=3 —O— R=6

Fe(ll)

2.4(

160

" 40 80
BFiE /b

B3 ShiCL/S0; (¥10. 1 M Fe #h11f NH# pH {284k
Fig. 3 Variation of pH values in reaction solutions with 0. 1 M iron salt of Cl1~/SO;"

2.3 4Mn FeC D & R N A& P B SR B9 R AE

B WTTE S I XRD B K 4) BoR T Ak
0.1 M FeC 1) H Cl S0} =1 MWW 2 K
Jii R DTE P2 M0 XRD 3548 CF S0 S Wy 2 B
5 KI5 T WG 8 DT TE 7 ) 18 FR R« 2d-8 5d-2k 3T
VE” o AR 2d-F SA-ERPTTE S0 XRD i 2k — 3,
HORZ D, W0 %5 1) B PR ALY 8 AN fik 0, B
AN d AHHCUKA 5. 8.5.09.3.63.3.11.3.08.2. 28
1.98 A1 1.83 A;d {4 3.63 A F13.08 A sbthnffig
[Fi) IS A7 it SR A PR R AR A AT

Fh, SA-BRUTIE R IR BB ) HE—2DFsE T
P SN 38 A R L O UE T G, 173 430 ~

3100 em™'\1 400 ~1 640 em ™' 4b43 5] H BL T—O0H
(A 247 4 50 W i 06 . H—O—H 19 A% T 418 2 W WA 1
251 005 ~1 125 em Kb AW I Sy SOZ - FE 1 (¥ 4
B, 1X KW= 4 FeOOH X} SO~ 45 — 5 MW It B
J1o F1191 em '.629 em ' 4bh SO (4R BN I%,
1 005 em ' Ak H—OH A JE 4 ) 1, H. FeOq 14§
METR AT T 514 em ™ 4 (Xu et al. , 2013; Singh et
al. , 2016), XK WA Fe'* £ 10 S5 W i W B
(R0 W =) 3 5 AT SRR L A

T Fe’ 1R N AR I 3R 4y Sd-BRUTTE FE S 1 B
P FESEM K, M ] rf B I8 mT DLW %2 30 4 0 F
B K ANAS— I 22 T8 7 HOPR 5Bk LA 1) — 1
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Fig. 4 XRD and IR patterns and FESEM images for the iron precipitates from reaction solutions with ferric salts
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Fig. 5 XRD and FTIR patterns and FESEM images for the iron precipitates from reaction solutions with ferrous salts
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MR M 5.8.5.09.3.63.3.11.3.08.2.28.1.98 Al
1.83 A;d Mt} 3.63 A F13.08 A kbl m] &8 [ I A7 7F
it R 2 AT R ARV . T AT AR B Ca ~ ) H Sd-ER T
WESSWR IR B T3 430 ~3 100 em ™' 1 400 ~
1 640 cm ™" Ab 43 5l BB T —OH 1R 47 41 2l W i e
H—O0—H 42 JE4 3l W W g s 2491 000 ~1 125 em ™
AR U g SO; T FEPI R sh g, IR ERE1 191 A1
633 cm ' AbCh SO; M 4E 4R Z I, 1000 em ' Ak
—OH A8 T ¥k 50 1, FeO, 14 HE W Wi U6 A7 T 508
em ™" Ab(Xu et al. , 2013; Singh et al. , 2016), H 1k
73 R TE Th A SR AL

FESEM P& 24 38 43 Ab B b i R JE S L, KL S
H T AR B Fe® T 1) S W3 T ) 2d- AT Sd-k
W IRURE B 38 T8 7 HOIR R 3 B ER LR (2 < 1
m ) 2 BOIR it R 24 FORE (24 <100 nm) 21 i,
FErp B AL R 32 R UOUE 7 s i R 2 0 AT
e S B AL ROR , 338 1 5 A B R A R Rk ( 29 < 15
pwm) o [ Sd-ZA Wi TR 50 I M s E Bl CL /SO
JEE 7K EL A P 384 o, it gk 12 A ) e R R AL JORY )
AR B 252 B0, HLARA P kL 2 0] 1) 2R A T A
ST BB £ rf 2d-F0 S5-I ORI 3 TT
MLZZ B, it S 3 I 8] 17 ZE K it Sl 22 2 AN W 1)
TR AL LA

3 i

Fa Y EPS 1 AL ferrooxidans 5 7% W A% I N
AbEEh pH {H N B R UIVEWTH OH™ 8575 Fe' " JE Ak
TR UCE . TR W0 N IOK S R B3 R A
Bt it R B A R C <1 pom B — [ 9K BRI it
JERE 2 AT UL C =100 nm ) R KN A — R AHOK 45 4
“EET T HUR I AR LR (0. 5 ~ 3 pum D), L B
BRI B DTUE =W o Bt A RO, I 1) ) S K it
R 0 AT A B B RR BILRIORE , JE 17 2R A R AR K

P Ab BRI 453 45 I KW, A, ferrooxidans 1577
VBB SV R AFAE ) TV EPS W] DUE E 2R 40 1Y)
TERe ST B AT EPS X Fe? (R SEL
VERIASW] 2 5 SN Fe ERXTER A UTTE L 1 mT 7 2R e ik
FR L REAE T AT DA 8 Tt i 2 A 1) B 0k AL
Rtk A /S0 BERHCHIERT, Cl- & &
ST S it A 1) R AUORE 1 AL B 2
FUHM; SOT™ & R N, BT ) BURL B SR A
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