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Influence of acidophilic heterotrophic bacteria on metal
resistance and bioleaching by Acidithiobacillus ferrooxidans
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(1. School of Minerals Processing and Bioengineering, Central South University, Changsha,
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Abstract: [Objective] To investigate the influence of acidophilic heterotrophic bacteria on
Acidithiobacillus ferrooxidans in extremely acidic environment such as acid mine drainage
(AMD) and bioleaching system. [Methods] A co-culture consists of Aph. acidophilum and At.
ferrooxidans was separately exposed to four metal ions (Cd?*, Cu**, Ni** and Mg®") to test its
stability. This co-culture was also applied to bioleaching of pyrite and low grade chalcopyrite.
[Results] In the metal resistance experiment, heterotrophic bacteria Aph. acidophilum facili-
tated the ferrous iron oxidation by At. ferrooxidans and improved its efficiency of energy
utilization. The maximum tolerant concentration (MTC) of At. ferrooxidans to Cu** was im-
proved from 2.0 g/L to 5.0 g/L by Aph. acidophilum, and the cell density of co-culture in
5.0 g/L Cu®* was almost the same with purely cultured At. ferrooxidans in 2.0 g/L Cu®*. In ad-
dition, the MTC of co-cultured At. ferrooxidans to Mg®* was also improved from 12.0 g/L to
17.0 g/L by Aph. acidophilum. In bioleaching experiment, the pyrite bioleaching efficiency of
co-culture increased by 22.70% as compared with that of purely cultured At. ferrooxidans.
While in the low grade chalcopyrite bioleaching system with few iron, the bioleaching effi-
ciency of both At. ferrooxidans and its co-culture with Aph. acidophilum were lower than 33%.
In the low grade chalcopyrite bioleaching system with pre-added 2 g/L Fe*, the bioleaching
efficiency of At. ferrooxidans and its co-culture with Aph. acidophilum were raised to 41.27%
and 52.22%, respectively. [Conclusion] Results in this study demonstrated that At. ferrooxi-
dans and Aph. acidophilum in co-culture could maintain their physiological stability and sus-
tain their ecological function under environmental stress. The bioleaching results suggested
that acidophilic heterotrophic bacteria Aph. acidophilum should be applied to the bioleaching
system with high iron concentration, in which it could collaborate with iron oxidation bacteria
to improve the bioleaching efficiency.

Keywords: Bioleaching, Metal resistance, Co-culture, Acidiphilium acidophilum, Acidithiobacil-
lus ferrooxidans
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X B4 WETR T IR BN 4 35T Acidithiobacillus ferrooxidans 43 )@ &5 ik A= Mi 1 i 5 1071

At. ferrooxidans J& H i ¥ thAH G 5E rh i 5%
LR YR 2 —P At ferrooxidans LIk
R AN (B0 B AL Y AR BRI T [ CO, 1F
IR E AL RE H 3R 2E K . Aph. acidophilum U2 L
AV REIR I TR R AE Y, HBL AT PR
Aph. acidophilum ATCC 27807 #: %) U J2&
Harrison MFTIERY At. ferrooxidans“4lils &4y
BEARRE, KRR, XA REY)
TERRSAAL SR i Bl FH SAH B A B AR A RAR
S A 45 T A AR I A B R e R A
ferrooxidans fi%8fk. Fe**, ifii Aph. acidophilum 7&
PRAEZ&AF I X Fe A R JRRE T, At. ferrooxidans &
F 7254, 1 Aph. acidophilum W] FfH At. fer-
rooxidans [ FR4 QI W4 A ik 5 RN RE I 2E A T 57
FEHE R IR B A 24T At. ferrooxidans A= < A
HVEN; fEAEYR A&, Aph. acidophilum fig
AR AR A A ) R T A FLY LA & At
ferrooxidans XA #R9IR A%, 1 At. ferrooxi-
dans W] LLgE2a /L %F Acidiphilium J& 44
A

TEAEYR At ferrooxidans F1 Aph.
acidophilum SFRERR A 1) 8 AL T e Wk BE i 4
JEBEF i — L E S E )R, A
T N X R R AN, 3 S A A A i P R A
FH, B —SERe 5 1 4 B 7 A e Al 57
R AT, A AT A KRR R
$EEt, Cabrera ZEUMRG ST At ferrooxidans
afi % 9% K H 5 Acidiphilium organovorum il
Acidocella facilis PAFP 2L Wi & K5 57T, 5 FhEE
GJ@EF(Cr, Cu®, Cd*, Zn®, Ni¥* )%t HAE KA
Fe” S ALRE JTRURE IR . AFFFE 45 R R IR B
AT At. ferrooxidans X Cd?* il Zn?* i 3% e B 42
B, Xt Cu™ Ml Ni* (i 52 e BERR A . S0k, FRfifi
MRAEEY AR RN — SRR AHE
HEEE IR, A KA VE R 7 IR AR

Jri I 22 R I2 AR o Marchand 253 1 5260
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Ca(NO;)4H,0 0.01, HMAHLIRIH pH £ 2.0,
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1x10° Pa ‘K14 15 min 5. fEC KR 9K FA
BRI A 44.7 g/L FeSO,7TH,0, FiHsE el
it Ja FHFLAE 0.22 um A9 Jo B £ Sk g k4%
(MILLEX® GP, Millipore)%: i T+ At. ferrooxi-
dans } 5 Aph. acidophilum 55388555 .
K5 IR I SRR M OTIRAE 9K FEARER
FREEHIA 1% (W/V) &% 4T T Aph. acidophi-
lum ZEEE SR PR SR
12 EENEF

fEIE IR IR 4% Sukun NSKY-2102, i3
By SR B4 Olympus CX21, Tokyo Janpan;
pH BREE T 1E PHSI-4A, iR R IRIot
74 1ICP-MS (Inductively Coupled Plasma Mass
Spectrometer) Agilent 7500 series, U.S.
1.3 BEHRFHRHEMEEKRN

ABIFSE b A 11 S 3 4 0 T R B R IR i
FEJRLE N 30 °C F53# M 200 r/min B4 TR FR
TAE R T I A iR 1 5288, IO FH k4%
BRI G AU B X A A T B A A4
14 EEBEFIMESRE

Cd*. Cu®". Ni®*Fll Mg** & 4 FhfEEHRH
HEEhE W LM &R E T, T At
ferrooxidans {1537 K H. 5 Aph. acidophilum f#3t
FE R 0TI e 4 R 2 - B AR IR BE T 1y FR
SEME, T2 50 mL 9K-FeSO, 1577 %EAY 150 mL
=M S IR E R 4 Ma)RE T
Cd* . Cu®*. Ni*#il Mg?, Jf-3%#h At. ferrooxidans
gk N H 5 Aph. acidophilum 3tk i
FAe . 3k 4 FgJm B 100 LA CdSO,. CuSO,.
NiSO, Fll MgSO, FYIE=EsAN, LAwsi/b Hog B e+
XS 56 VT i i B A B T L R A R (B
g/L)53 51 Cd?*: 4, 8 Fi1 12; Cu®*: 2. 5 Fil 8; Ni%":
10, 20 fi130; Mg*": 12, 17 fl 22; H&fh 4@ B 1
R BE i s 3 I FAT, EFEAIMA SIS
BT BH X BRI 280 i [ PR % B At fer-
rooxidans Zfi}5 3 & H. 5 Aph. acidophilum (#3545
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FYIRER RSN 5% (VIV), RS At ferrooxi-
dans #li 1% 37 40 Jitl 2 ¢ JiE O (8.60+0.13)x10°%, At
ferrooxidans 5 Aph. acidophilum FL15 57 41 g 2k
JiF > (7.50+0.69)x10°,
1.5 MEMREHEKE

SEE T BT WUE T R m i, & X BT
PG TE S M (XRF) /2 & J5 & 3 H 2k & 2 b
23.44% ., LB T E A B A VLI, &
XRF & & J5 & IHAR & 50 0.44%, HAS =N
3.25%, FE$5A4T 200 mL 9K FEAERBEFE L) 500 mL
=M 200 H 08 S SO A i AR
2.0 g HTRMAER LT . 75h, VE R AIHE
I R BRI, AR G R A R A R
A 9.97 g FeSO,, fHillh Fe™ ¥ k3 2.0 g/L, 4R
Jo 5 o BRI S — A, S8 A A
M, AL 3 1 F47, At. ferrooxidans 2k 3
K H:5 Aph. acidophilum 3L 5E F2 MR R 1 K
5% (VIV).
1.6 ST

SCH R Fe i X R SR A% R A i 2 A
SEDO pH A pH BREE I, RIS s
5 V5 VR 45 JC R I U R AR D R 0O R
(ICP-MS)%E .

2 HF

21 fUMERLE

J T BT HL# At ferrooxidans 2l 3 K H 5
Aph. acidophilum 555543 5I%F Cd®* . Cu®" . Ni**
I Mg™ 4 Fh & JB B FPitE, RALLT 3428
KIHTPEM: MTC (Maximum tolerant concentra-
tion), 40RO AE 428 1Y ORI S2 W B2 T85, &
1k 85% Fe* AT At iu], FH AT A R 78 X AR VR 1
F|FH# %, BP (Bacterial production), %2 v \lV8k
BRI BT A AR A, H DA i 20 TR fE
TEFRCE . BARGERILE 1,



 FENR ST IR IE YT H 351 Acidithiobacillus ferrooxidans 4 J& B FHi i FIAE W1is H B 52

1073

F 1 At ferrooxidans 4355 (A. )R E 5 Aph. acidophilum 1255t 4 #&EEFH MTC. T85 #1 BP &

Tablel MTC, T85 and BP for pure culture of At. ferrooxidans (A. f) and its co-culture with

Aph. acidophilum in the presence of four metal ions

o MTC (g/L) T85 (h) BP (x10° cell/mg Fe?' oyiq)
A f Co-culture A f Co-culture A f Co-culture
Cd* 4+0.15 4+0.20 134+2.84 129+1.83 10.0+0.51 10.6+1.35
Ccu* 2+0.17 5+0.17 67+1.74 109+2.75 10.8+0.92 10.5+0.92
NiZ* 30+0.81 30+0.60 75+1.94 83+1.94 10.8+0.81 13.5+0.82
Mg 12+0.65 17+0.77 69+0.13 117+1.90 10.3+0.59 5.36+0.39
Control — - 32+2.10 28+1.47 18.2+0.80 26.0+1.07

fZ 1 7%, Aph. acidophilum BY7E7E(T At.
ferrooxidans I Cu®*Fl Mg® (il 32 vk 1w, &
IRTEHE AL, ferrooxidans 215 5% 55 (1) Cu® W i 451
T AR IR A ] A, (R SR AL
ferrooxidans XJ il A AR IR AZ5m . 52
AT B R L 5 AR R A2 T R R Y Mg,
{RFE IR B T 255 At. ferrooxidans 194= 3%
Pz 3 T —2em , iR H Y At ferrooxidans
i 52 573 S Wb 42 8 85 1~ Cd® 1 NiZ* U ST I %
P F T Aph. acidophilum Bys2m, HHAEKIE
A ERS . WFE 1L ATUES, TieERmA
Cd* i1 Ni**, 2553810 T85 {H4L At. ferrooxidans
ARG SRR, BP (AR S, Jf H MR 3R y cu®
I Mg W EE /5 2.0 g/l 5 12.0 g/L (55 At.
ferrooxidans 2l 5% MTC {EAH R}, H T85 {H4)
A 58+1.74 h F1 46+3.13 h, HJ#5 At. ferrooxidans
Al G H BP (B0 (12.8+1.33)%x10° cell/mg
Fe?* oia F11(13.2+0.45)x10° cell/mg Fe* i, ¥%5 At.
ferrooxidans Zii3%5E . FHILFT UL, PR 92 A
Aph. acidophilum FJFF7EAUE S T At. ferrooxi-
dans X —Lb4 & B F I 3268 )1, fHE At
ferrooxidans 3% 7 () A= K I M AE X 26 4 g 2 T
FELER 25 T AR RER 37 T At. ferrooxidans 4fik%
TR

54, T2 At. ferrooxidans 2t ik & H:
5 Aph. acidophilum (38555, #ESCgR fE Y

pHEZEIL S Fe R AL —5L, 1 2.50 TRE%]
1.70 Zefy. SLEEEHIG, fA7EERK A Fe® A Bt
LI YR B OK-E AR R I, &
3 d §538 )5 K K f Aph. acidophilum, 5Bt
Sy SRR A R R A K
22 HEHHIFHEW

W YR LR Y Fe R A5 IR K pH
AEMULE 1, 2 30 d f9iR R IR R NIR

—e—Fe concentration of abiotic control

-~ Fe concentration of 4. a

——Fe concentration of 4. f
2200 [ -=-Fe concentration of co-culture 7 3.0
~ 2000 | <pH of abiotic control 128
1800 [ *pHof4. a '
—pHof A. f 126
= 1600 | o pH of co-culture 4124
1400
1200
1 000
800
600
400

200

mg/L

Fe concentration

0 5 10 15 20 25 30

t(d)
Bl HEHWRES pH Tl
Fig. 1 Bioleaching of pyrite and its pH profiles
1 EdeA. 78R At ferrooxidans; “A. a’Z7s Aph. aci-
dophilum; “co-culture” 37~ At. ferrooxidans X Aph. aci-
dophilum Fy3EE R, LUR Kt Ay 5 Z AR R i T R St
AbTE] .
Note: “A. f” in figure denotes At. ferrooxidans; “A. a ” denotes
Aph. acidophilum; “co-culture ” denotes the co-culture of At.

ferrooxidans and Aph. acidophilum. All denotations as above
have the same mean in the following figures.
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HRR[66.11 mg/(L-d)]#H & =T At. ferrooxidans
4557 [48.37 mg/(L-d)], HIR 371510 84.60%
11 61.90%, LWL 551 Aph. acidophilum fi
PET At ferrooxidans X} sEEEFE IR . BT
B A R (B 2)ff Fe? AR AUk, s
FEH At. ferrooxidans 45557 1R H R R R B 241
WIS 1), Jf HARREANE R b A A
F| Fe*, LHHH Y Fe — BN Fe™ B IR
R s A A

1x10° [ % Cell density of 4. a pure culture
9x10? | —+Cell density of A. fpure culture

8x 107 i - Cell density of co-culture /{
7%107 | £
6x107 [
5x107 [
ax107 |
107 |
2x107 |
1x107 -
0o Lo P J
0 5 10 15 20 25 30
£(d)

2 HEHHREAIMEMEKIL

Fig. 2 Bacterial growth profiles in pyrite bioleaching

Cell density (cells/mL)

2.3 EETREHER

B AR G SE B Y Cu iR 25 R S H: pH
AAEAESL UL 3. M 3 AT, £ 30 d iR G
LR At ferrooxidans 4l 55 A1 H AR I 45
i, 5354 4.71 mg/(L-d)F14.00 mg/(L-d), H.EIZ
HRIIRT 33% (G455 At. ferrooxidans £t
FEiE 24y 0k 32.48%F11 27.54%), 5 ek
RN RAFR S, BIRRF W Aph. acidophi-
lum B AEAE XS AR YR S 36 (R AT b 57 B R A it 1
S AN B, RIE SRR R AL fer-
rooxidans 2l FAARE T 4.94%. Bl Cu™ AR
Wriz i, pH (EW AT TRE, BT RUEY A
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K (F A)fEdE T S Al Fe* 1%k, iR MZ AR
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— R Fe? B R AS B g s 42 1
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| = pHofA4. a 128
140 DHofd f o
3 120 1 pH of co-culture 126
)
1 2.4
E 100 |
8 122 oy
=80 G T
g A 120
Q 60 L
g - 118
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Fig. 3 Bioleaching of chalcopyrite and its pH profiles
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Fig. 4 Bacterial growth profiles and Fe concentrations
in chalcopyrite bioleaching
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FEMA 2.0 g/l Fe* (B H0 A= Wiz Hi ik 5
th RS FL AL ferrooxidans ZiikEFE IR AR
Y1384 m (K 5), 433k E] 7.56 mg/(L-d)Fl
5.98 mg/(L-d); T HALEEFR7E BRI 5 Fe it
(35 A4 22 A5 At ferrooxidans 2035 35 A T3,
HIR %5 At ferrooxidans 4% 77 10.95% (3t
FEFRA AL ferrooxidans 23533 0935 H 34351 K
52.22%F1 41.27%). 5ILE5FAH— B RET T
A=W L pH (B AEFG(E 6). F35h, FEA
FHALBEFEFN AL, ferrooxidans 2% 553 HIR Z&
AR Fe* i s B bl Fe* (ALt B 7E
2d Z NS5, Fe® B RARLG 1), B 5 R
RS T2k Fe*, S5ZMIXRIH, X HEf T
Aph. acidophilum FIAEERI A P11 5256 % R
Ui, eI Fe gk, B 5 HRRTRIY
BTk Fe,

3 it

ARS8 1 4 8 Bt SCIRIE S F SRR AL
ferrooxidans 5 ¥R 5 7= & Aph. acidophilum 415,

—e— Cu concentration of abiotic control
—+— Cu concentration of 4. a
—— Cu concentration of 4. f
-=— Cu concentration of co-culture
-0- pH of abiotic control
260 1 = pHofAd. a 128

240 - s~ pHofA.f 26
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Q 200 Y |24
‘é" 180 +
= 160 - : 122
2 140 t 120 pH
«E 120 | '
8 100 118
§ 80 .
3 60 | 2 116
‘2‘8 i 114
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5 #ifn2g/l Fe*MIERH RS pH Tikihsk
Fig. 5 Bioleaching of chalcopyrite and its pH profiles
with pre-added 2 g/L Fe**

5% 2R R AE— E R W0 S5 T e O +F
fasrg, I HXF Cu Rl Mo* BBt tEis A irdie i, X
5 Cabrera SFBFFR 4 RO/ E—E 2R, AR
PR E IR G . ARG IR L bt
FRIA TC R AR X e 22 (W R R, 25 3] Cabrera
A FgE rh R A 1 5 5 At ferrooxidans 4t 35
R = 95 2 < 0 N [ S B 5 e SRR BN U E I
25 5 A REARH5 IR Lo AN R) i 1) (DL 1
FE7EXT At ferrooxidans (4 K Fl Fe* B ALIG TEA
VR R, B LA o 3 S5 3 i
OK - R I A 55 7 e I 42 Fh 28 5 WAk iy 235 5
USRI A SRR Aok AT g, $Em T
SERM AT REYE

MR DA RIS EE R (R 2)3R M, Cu® Al
Cd** %} At. ferrooxidans 4=+ FIiG M A S 5K T
Mg® il Ni®*, ZSBFE 45 FARTESE T35 . JFH,
AHFFT I K PRVETR S+ 77 7 Aph. acidophilum f1F
TEAAR B T At. ferrooxidans X Cu® BT (36 1),
BB OR R = A R TR (B 7)o X AR T g2
H T At. ferrooxidans £33 1 Aph. Acidophilum

—+—Cell density of 4. a pure culture

——Cell density of A. fpure culture
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Fig. 6 Bacterial growth profiles and Fe concentrations
in chalcopyrite bioleaching with pre-added 2 g/L Fe**
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AEREFENT CuT PRI R (R 2), FEILRE R
T P EAE A T AR R Cutt A
T X B R A ) P R RN A AR S PR R
IKF-. LAFEXT At. ferrooxidans i b LT K
Ao TS S A LA SRR 1, BT AE
ZYFIELER AR T At ferrooxidans %%
FAAR ML Cu® X H A3V E A ICE S
ARSI @ T b At ferrooxidans 2t K H 5
Aph. acidophilum 28532 5%F Cu* itk 225,
WHST H SR At ferrooxidans (9 32 S 414 HLIE
PEAL T — A TR B A — 2 BRI ST LR
AR S A R, S B Y
BRSSO B 2 R R At ferrooxi-
dans 5 Aph. acidophilum f{ 3t 54 HAT B .0
B L, A e i 8 At fer-
rooxidans 2555 i o X — 7 T2 FH T 57 W Aph.
acidophilum [ 4= K852 T At. ferrooxidans 1 Ui~
YI(REARRP, 2 miP1%) %t At ferrooxidans H

B ImEIE A, TR AR R ok B
i, I —J7 Rl TR Aph. acidophilum (1)
TEAE BRI AS M A A s, XELAAE R 26 1
BURREO Wi ) T At. ferrooxidans % 4™ ()
=i SR, TE SRR E R A RS A A AR

% 2 LU At ferrooxidans #3 Acidiphilium BH%E
M3 A FEREF MTC I RE R

Table 2 Literature MTC values for pure cultures of
At. ferrooxidans and Acidiphilium strains in the
presence of 4 metal ions

Bacteria Metal ion MTC (g/L)
At. fgrrooxi- Cu®  0.6-10U7 1918l 1609 1010201
ans 1 1 1

Cd2+ 10[10]Y 5.6[21]
Ni** 3009 0.6-9.417 6.3
Mg? 155

Acidiphilium cu*  0.6-9.42
Cd*  <0.02-112.4%1
Ni?*  1.2-23.524
Mg?*  Not available

A 10 B -4 Pure culture with 2 g/L Cu?*
) -~ Pure culture with 5 g/L. Cuz*
?D +
= 8 4 3 —& Pure culture control
.é A — I;ure onitrol 2-4X102 F-=~ Co-culture with 2 g/L Cu?* o .
% —22x10% o-culture wi T

e - Pore culture with 2 /L Gt 3 20¥10" [ Co-culture with ¥ c uz;+7

g L .
& -4 Pure culture with 5 g/L Cu**—& igi%gg __D_ Co-culture control A
B 4| ~-Pure culture with 8 g/L Cu** "8 |\ os | /X/“é/é”—a
5 -= Co-culturewith 2 g/L Cu** = - o il
g -3 Co-culturewith 5 g/L Cu?* g 1'2X108 L
5ol = Co-culturewith 8 g/l C> & 1.0%10°F :
3 -o- Abiotic control o—8:0%107 T
g 5 6.0x107 % )5//3/ /i/
O 0t |5 ENPA - A © 4.0x107 | =
1 1 1 1 1 1 L 1 2 0 1 07 L X
0 20 40 60 80 100 120 140 ool
t h M 1 1 1 Il 1 1 1 1
(h) 0 20 40 60 80 100 120 140
t(h)

7 FRRERBEFEMET At ferrooxidans 4% & H 5 Aph. acidophilum $t1%3%
T ERE N 2 (A) R E K # 2(B)
Fig. 7 Profiles of ferrous iron oxidation (A) and growth curves (B) of At. ferrooxidans and its co-culture with
Aph. acidophilum in the present of several concentrations of copper ion
7 EH“Pure culture”#% 7 At. ferrooxidans 4li55#; “Co-culture”3é7~ At. ferrooxidans 5 Aph. acidophilum FL13%.
Note: “Pure culture” in figure denotes the pure culture of At. ferrooxidans; “co-culture” denotes the co-culture of At. ferrooxidans and

Aph. acidophilum.
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