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){(2 2
2 2 2CuFeS 4H O Cu Fe 2S 2H O+ + ++ + → + + + 

)D(Ironoxidizingbacteria2 3
2 24Fe 4H O 4Fe 2H O+ + ++ + → +

)-(Sulfureoxidizingbacteria 2
2 2 42S 3O 2HO 2SO 4H− ++ + → +

)<(3 2 2
2CuFeS 4Fe Cu 2S 5Fe+ + ++ → + +o
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R�
� )A: (^�1��UXRF 3� ��#��P�� 

Cu Fe SZn Pb Composition 

27.73 24.59 15.5 0.96 0.26 Grade(%) 

Mo SiO2Al2O3CaO . .L O IComposition 

0.82 5.61 3.29 0.37 17.44 Grade(%) 
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(NH4)2
SO4

MgSO4
.7H2O K2HPO4KCL Ca(NO3)2

.H2O
Composition 

Medium 

30.5 0.63 0.1 0.014 9K

0.4 0.5 0.4 --Norris 
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 6v�)� .
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D:

)mg/L(Ag
C:

Medium 
B:

PH 
A:

Tem(°C) 
Parameter 

0Norris 1.2 44Low (-) 

30 9 K1.8 50High (+) 

R�
�)�: (a$��IU V�W��Q��=�1��	 F��$��IU )� ��>!�� �.

Run 
No. 

A
Temperature 

(°C) 

B
pH 

C
Nutrient 
medium 

D
Silver ion 

(mg/L) 

Response variables 
Copper 

recovery % 
Iron 

recovery % 
Cells 

number 7( 10 )×
1 - - - - 46.57 29.01 32 
2 + - - - 52.28 27.91 25 
3 - + - - 55.23 38.82 29 
4 + + - - 43.8 20.97 48 
5 - - + - 51.16 31.29 20 
6 + - + - 51.64 17.97 8 
7 - + + - 50.67 29.77 56 
8 + + + - 53.77 9.50 32 
9 - - - + 68.71 37.89 32 
10 + - - + 56.01 25.88 2.8 
11 - + - + 53.36 20.76 32 
12 + + - + 63.48 9.51 1.2 
13 - - + + 55.12 27.99 52 
14 + - + + 59.97 26.43 2.4 
15 - + + + 64.27 16.91 56 
16 + + + + 63.37 18.86 28 
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R�
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	 "��1
�)A:���)°C(�B:pH�6�1��C:�;� ]���5�' \D:��:� ��$ 5�4t)mg/L((

Prob > F 
(P Value) 

F
Value 

Mean 
Square df Sum of 

Squares Model 

0.0415 3.56 33.58 5167.92 Recov (%)(14 ) 41.93 2.45
1.56 0.48 0.29 1.33

Cu ery days A
B C D A C

= + ×
− × + × + × − × ×

(6) 

0.0001 19.02 54.17 6325.01 Recov (%)(14 ) 15.03 2.89 1.84
0.81 0.74 2.03 1.81

Fe ery days A B
C D A B A C

= − × − ×
− × + × − × × − × ×  (7) 

0.0300 4.02 86.13 4344.52 Recov (%)(30 ) 55.99 0.35
0.80 0.24 4.55

Cu ery days A
B C D

= − ×
+ × + × + ×  (8) 

0.0462 3.85 113.60 8908.81 
Recov (%)(30 ) 24.34 4.71

3.70 2 1.31 1.21
1.85 2.81 1.52

Fe ery days A
B C D A B
A D B D C D

= − ×
− × − × − × − × ×
+ × × − × × + × ×

 (9) 

0.0196 7.41 411.28 104112.78 
( ) ( )30 29.70 8.93

7.93 2.10 1.55 3.30 5.28
5.92 3.27 2.08 4.35

Number of Cells Cell mL days A
B C D A B A C
A D B C B D C D

= − ×
+ × + × − × + × × − × ×
− × × + × × − × × + × ×

 (10) 

Cu        Fe        ORP 

40 

60 

80, 0 

20 

40 

60 

80, 0 

20 

40 

60 

80, 0 

20 

40 

60

80 

300

400 

500 

600 

300,700 

400 

500 

600 

300,700 

400 

500 

600 

300,700 

400 

500 

600 

700 

30 10 20 30 10 20 30 10 20 0 0 30 10 20 0

R
ec

ov
er

y
(%

)

O
R

P
vs

.A
g/

A
gC

l

Leaching time (days) 



�.�����	
.��
��	�.
 	����� .����� ;����� 	������  !���"� # 
$%& '���� 	
#( '�#()))+,-(	�/�01+�2+3

�� 

.:1:D��������� !����
� E����F#–���*�

 H�7� 

���!�
�P�� S�P��#�k��G�)ORP(S$��8 )���� �

5!� ���#&1� ���� � �#@�b "��	 R�4;� .6s	�)

 "��	 �R�4;� }�'�8 �	 �S�P��#�  &����$����8 ~��

a�n'�� Fe2+
�Fe3+ + e��n�	 5Pn��� 61���� \n!�8

 � ��
]DA�D{:[

)AA(

6'
ia $����
 6��b 5�1��@i�[ ]i6��b 6#$)���

����
  $i�R���I�b 5	�YT�94s� "���F����)�@ 5	�Y 
o
HE�'o

HE� �)�
��#!� 3'��) S�P��#� }�8�8 6	

 3'��) 5J� S�P��#�++ 23 FeFe5!� .)�
:�o
HE�

��A/B)�
:� � 51�'
HEo)�H2SO4kmol/m3A/B�

"���K{NE �atm A��
G )�|�/B}PG �	 51�

 �0�)
�� �)�
��#!� ���#&1�(SHE) 5!�.

S&
 ){(��n�!�
�P�� S�P��#� 6' 
��  � ����k

��
nG I� \�;� "�n�G�DBB ��
G Zi�	 �8 51�  4��

�BB n1�  4�� 5n)���#&1� }PG �	Ag/AgCl (a$�^@�

 �
	�$ .6	 ��@ "����$ a$�P�� I�  
�� �a$�^@� �$�

"�#��	 \!�8 X$�@ 5!� �� .�)��� I�  ��	 )�

 ���J#!� ��:� )�^�1�8�' I� 6'  $���$��IU ��%�i>�

 � a$�^@� "
�' 6	 \�;� S�P��#� �5!� �

 6' 
	�$

$����8 �	 ��:�  J�� ��YZ8 I�  
�� ��@ "����$ a$�P'�  

5!� ��$�#'�	 64�!�	 .5!� ���� ���� c4#>� F��1�s�

 I� �8��	 5�4t 6'BA/B�8B</B)� X$�@ "����$ )���

 �s! �

 R��@ ��t }��� � 8�J1�! "���#P�!

 � 5$����&1�' ��
]D<kDD.[a$�^@� ��U �	 ��H�

 "��$�#'�	 5�1��@ a��' }��� X$�@ "����$ 5�4t

1��	 ���b  � ^�� Q��=�]D|.[Hiroyoshi a��)�&�� �

]D�[I� "��
;� 6���� )� 6' 
���� ����S�P��#� )��
G

mV -BB }PG �	Ag/AgCl(I� 3� RH;�� ��� �

5!� �#��	 5$����&1�'.

,:1:��
 ��IJ# 

c4#>� V�s! )� ��U � 3�  	�$I�	 �	 ��� ��YZ8pH

"��4&
 )� 5�' \�;� �)D�8<(
�U5!� �.S&
 )D(

 � ���� ��� a$�^@� �	 ��I�) ��)��7 �)�� )� 6' 
��

 I�--6	<B ���8 S	�r ��^�� 6	 3�  	�$I�	 �6�)�

 � a$�^@� 6	 Q��=�1 ���I a$�^@� �	 ��� �
	�$DB�I�)

�)�
� 3�  	�$I�	 �	 "I)�	 ��YZ8 ���� ���e8 .�	 ��H�

"��4&
 )� �U )-(�)<(�	 ��� ��YZ8 �)� ��U  	�$I�	

 c4#>� V�s!pH5!� �
�U 5�' \�;� �.S&
<

 � ���� 6	 ��� a$�^@� �	 6' 
��°C<B�pH6	E/A�

6�GH� S	�r )�
:� 6	 ��U  	�$I�	 � a��' "� �$� 
	�$

 )� ��� a$�^@� 6' 5!�  1�G )�pH"�#�' ��YZ8 ��$��

�)�� ��U  	�$I�	 �	 .$I�	 a��' 6' 5!� �'p S	�r  	�

 �����	 � 5!� R�4;� ��U I�  �>	 o�!) S�1� 6	 ��U

5!� 5�!�)�� S�&�8 .6n#@�$ "��Crundwell ]DE[

5$����&1�' 5�1HG )� R�� 64G�� 6' ��� ��nn��

 
���� �#P&
Fe-S 
���� �#P&
 `�� 64G�� �Cu-S 

5!� .

S&
 )<(� ��� a$�^@� 6' 
��  � ����pH\�;� )�

 5�'KN6	 ���� � ��U  	�$I�	 a��' �$�#��	-

���b . � ���� ]�m�� �$� ��^�� a$�^@� 6' 
��

 � ��� � �
�� "��&��pHF�	�!) a$�^@� 6	 ����

 �  ��U���b .��	 �Q��=�1 ��$I ���I )� ��U �	 ��H�

���!�
�P'� S�P��#� ���	k\�;� "��G�)"��	 5�4t

X$�@ "����$ (�8 )� 
��P� S��� �� ��� �S�&


�#P� 5�!�)��. 	�$I�	 �����7 a��' �	 6���8 �$�

 � 
�$Z8 ��	 "��� � ��$I ���I )� ��U���b .��YZ8

 )� ��� a$�^@�pH�
���� S	�r ���	 ")�W 6	 5!� �8

 a$�^@� �	 ���	 "��� )� 6'pH � a��' ��U  	�$I�	 �-


	�$)S&
|(F�	�!) S�&�8 ��� a$�^@� I�  '�G 6'

!�)��5!� 5� .

���U � �)�� ��$�#'�	 

) � 5$��@ �	  ��� a:� ���

 a$�P�� � 

) 6	 )��r ���� I�  ���� ���
;� z$ )�

 
�#P� ��
�J1�!]DN.[���!�
�P'� "��	 6���	 "���

 ��
G R
#�� "��4�@���8 "��	 
�J1�! � ��@ ��U

°C<<k-B5!� .��$�� "����� )� �6���	 "��� I� �8

[ ]
[ ]+

+

+=









+=

+

+

2

3
' ln

.
.ln

.
.

2

3

Fe
Fe

Fn
TRE

a
a

Fn
TREE H

Fe

Fe
HH

oo



�.�����	
.��
��	�.
 	����� .����� ;����� 	������  !���"� # 
$%& '���� 	
#( '�#()))+,-(	�/�01+�2+3

�� 

���b)���&�� � R��@ ��t ���P "����� )�  1� 
���b

 � ��	 I� ����
;� �U I� �8��	 
��)]-B�<.[

S&
 )|( � ���� 5�' \�;� )� ��� a$�^@� 6' 
��

KN � ��$�#'�	 ��
�8 a��' 6	 ���� � 1�G )� ���b 6'

 5�' \�;� ]�� �� �� )� ��� a$�^@� ���:� )��G )�

 � ��$�#'�	 ��
�8 a��' }���b��� .��
�8 a��'

 5�!�)�� o�!) S�&�8 S�1� 6	 \$��
 �$� )� ��$�#'�	

5!� ��$�#'�	 

) "��	 ")��m �%��� o�!) �.

\$��
 5;8pHX$�@ "����$ "��	 5�4t � ��	

 ���� 6' ��U "
�P'�)
�� F�M�'�8 ���U �$�8

 � o�!) ��$I 6s	�) 9MW 5!� 5�!�)�� 
�']-{�-A.[

)A{(++−+ +→+++ H6)OH()SO(MFeMOH6SO2Fe3 62432
2
4

3

�U )� 6'M �
���8K+�Na+ �$+
4NH 

�	 .
�U  �

 ���!�
�P'� "��	 X$�@ "����$ a��' �o�!) �$�  �U

5!� 5$����&1�' .RH;�� ��C� F��1�s� f$�#�

 1�G )� ����� ���� �5$����&1�' 
�J1�! ($�! S�&�8 6'

� )� "
�4' a:� �
�J1�! "� �$ 3� �r�� ~P���&

 ��$ � F�J1�!��8 \!�� 
G "����'�� ��)�� Q��=�1

 X$ S�&�8 6	 ���� 5$����&1�' �s! F)���� )� X$�@

���b  � X$�@ F�J1�! I�@.�I�@ �$� 6' ��
  � )�i8

 S�&�8 
n�J1�! �s! "�) 5�!�)�� 5P�� 68 I� SMr

 � � 5$����&1�' �s! 6	 ��$�r � ���b ")�W 6	 
MP7

 S��' OLG 6' � �&�� ��t  &$0�1��	 "��G� �	 �U-

 � ����	  $�r  &$^�@ 
! ��U 6��#� )� � ���b 6' 
$U

 "����$ �0�J$� � "��b�4� �s! 6	 ��	��&�� 2��8 I�

 �s! I� a�'�� F��i;� � 
�J1�! �s! 6	 X$�@

 � cr�#� �)  ��' 
�']-{.[Cordoba a��)�&�� �]-D[

��� �	 6' 
���' ���	  :�:;8 )� ��$�#'�	 5My� ��YZ8 �


�1�8 )�Fe3+ ")�
$���� }��� ��$ �$� 5�4t a$�^@� �

o�!) S�&�8 6	 ���� 6' ��
  � ~#P�! )�  $����


 � 5�!�)�� F)�% 6	 X$�@ "����$���b .���U

 

) �  $�I 6#P� I� "��b�4� "��	 6' 
���� �������

 �s! "�) 5�!�)�� ��U 5�4t �5$����&1�' F�)p


$�M� 

�	 �#��	 "
G I�.

S&
 )D:(YZ8����� �	I�	$	� 3�)�)���"�� ������I�) 

S&
 )-:(YZ8��S	�:#���� �pH�	I�	$	� ��U )��)�� ��

�I�) �5�� \�;�Norris 

S&
 )<:(YZ8��S	�:#���� �pH�	I�	$	� ��U )��)�� ��

�I�) �5�� \�;�9K

S&
 )|:(8YZ����� �	��
�8 �#'�	$��)�;��\��#�' "

c4#>� ���$ )��G ��:� )�)�����I�)(.



�.�����	
.��
��	�.
 	����� .����� ;����� 	������  !���"� # 
$%& '���� 	
#( '�#()))+,-(	�/�01+�2+3

	
 

1:1:��IJ#pH

~���8pH��$�#'�	 o�C 

) "��	 `I� T�
 �}!���

5!� Q��=�1��	 
�$U�@ )� F�^4@ 5�1HG �.6��

 5!�� 
�!� Q��=�1��	 )� ~�� "���P���b)���&��

 � 
�#P�pH)� ���U 6���	 6����A�8</{5!�]AN.[

R�#�'pH"��&�� o�!) � ^�1�)
�� I� "��b�4� "��	

 � 5�!�)�� S�&�8 6	 ���� 6' X$�@ )�#'�@ X$ 
��


 )� 6' 5!� ���� ���� F�:�:;8 � 5!�  ���;	pH

I� �8��	</{5$����&1�' RH;�� I�  #�!�)�� F�	�!)

 � "��b�4�
�$��� .

��YZ8pH�	 �	 6�1��S&
 )� 3�  	�$I )�(5!� �
n�U .

 � �
n���� �)�� �� �� )� 6' ��
A-�DB�I�)

 a$�^@�pH�)�
� 3�  	�$I�	 �	 "I)�	 ��YZ8 \�;� .

R�� "��I�) )� 6' 5!� �'p 6	 `I�pH6	 \�;�

 � a$�^@� f$)
8 5�1��@ ]��
 � ���I 5
Lb �	 ��� 
	�$

`��8� � )�J1�! �
��' 
�P'� "��$�#��	 "����'��


�!� �
��' O�i� , � a��� �U )�
:� f$)
#	
	�$ .

a��'pH"��	 6' 
!�	 "
G 6	 5!� �&�� \�;�

 �	  v�! ��YZ8 � 

�	 ��� ~� ��$�#��	 ��C

 �)�Lb ���#�1� R�:#�� �����I "�����8���]-B�AN.[��YZ8

  J��pH�	 �U 5My� ��YZ8 � � ��$�#'�	 5�1��@ �	 ���$��

a$�^@� �) ��$
�� 5!� �&�� �����'  $����
 5�1HG


��'  y�C .S&
 )� ]�m�� �$� )E( � 
�$Z8 6	 ��


")�W � �
���� 6' a$�^@� ��
pH5�' \�;� )�

KN � ��$�#'�	 ��
�8 a$�^@� }������b.

S&
 )�(:��YZ8pH�)�� )� 3�  	�$I�	 �	 "�������

�I�) 

S&
 )�(:��YZ8 �S	�:# pH$�#'�	 ��
�8 �	 ��� ��)�� )� ��

�� �I�) 

3:1:'(� H�7� K�� ��IJ# 

F�^4@ u��>#!� )� ���J#!� �)�� "���P���b)���&��

 ��
^#�!��	 � ~P�1�	�#� "��	  $�Lt ���� 
��I���


�#P� .`�����U F�M���8 ,F�JP@ ,�i�� � F�J1�!

� I��� �)�� ��$�#��	 5�1��@ � 

) 5�� ~$^��� 5!]{{�

-B �--.[���� f$�#� I� 5�' \�;� ���e8 6' ���Norris 

6	9K� 6���� )�  $��--�8°C<B�	 "I)�	 ��YZ8

�)�
� 3�  	�$I�	 ."��4&
 � @�W I� )-(�)<(����

 � \�;� )� ��� a$�^@� 6' 
��� 5�'KN��U  	�$I�	 �

 � a��'  ���8 S	�r )�
:� 6	 �) �a$�^@� �$� ��� 
��

 5�' \�;� )�Norris ��U  	�$I�	 �	 "I)�	 ��YZ8

}!��� �a��' �$� S�1� ��)�
� S�&�8 \$��
 ���	 �8

 6��#� )� R�4;� I� ��U OLG �  #�!�)�� F�	�!)

5!� ��� �  �
�� "��&�� ��^�� a$�^@� .��� )� �	

 �#@�b 5�' \�;� �#�' )��P	 6�$^�Norris 6	 5MP�

KNO
� ��e#� �	 �U ��YZ8 ���M� I)�	 �)3�  	�$I�	(�

5�' \�;� I� ���J#!�Norris ��#��P�' Q��=�1��	 )�

}!��� }n8��� 6	 R
#�� S�@���8 "��$�#'�	 �	 3� �8

5!� .

8:1:	�;� ��IJ# 

�5$����&1�' 5�1HG a$�^@� "��)�&��) I�  &$ ���J#!�

 ��:� 
���� "^4@ "����$ I�  ��	 ")�^�1�8�' a:� I�

5!�.

S&
 )N( � ���� �#�' ���I )� 6' 
��)I�)A-(�



�.�����	
.��
��	�.
 	����� .����� ;����� 	������  !���"� # 
$%& '���� 	
#( '�#()))+,-(	�/�01+�2+3

	� 

 	�$I�	 a$�^@� �	  ���8 S	�r ��YZ8 ��:� ��$ a$�^@�

 F
�  ���W )� ��� ��)�
� 3�)�)��DBI�)�(��:� �

�)�� 3�  	�$I�	 �	 �) ��YZ8 �$�#��	 .$ I)�	 a:� ��

 ��e#� "��	 }$�m )� ��:�D)�61���� )D(^�� 

�>��  ����b .

a��' �R�� "��I�) )� ��:� a$�^@� ~' ��YZ8 S�1�

 ��:� "����$ I�  
�� 5��! S�1� 6	 ��$�#'�	 5�1��@

 )�bI�! ��:� "����$ �	 ��$�#'�	 ����I 5
Lb �	 �5!�

 � )��G )� �U ")�^�1�8�' a:� S�1� 6	 � 
��


'�	 � a$�^@� 3nn� RHn;�� ���$�n#
	�$ .��$� ���� �	

S&
 )� 6' ")�s���� )AA( � �
n���� a$�^@� ����b

 ��
�8 a��' }���  ���W ���I F
� )�  #G ��:� ��$

 � ��$�#'�	���b .S&
 � @�W I� )AB( � ��n�� 6' 
��

 )� ��:� ��$ ���^@�pH 	�$I�	 a��' }��� �8��	

 ��U�

 5!� � ��:� "����$  	�!��� 6	 �a��' �$�

 � ���� 5MP� ��:� 5�!�)�� S�&�8 � ��U��
 .

6$��� 9MW �	Miller �Portillo ]-<[6$� S�&�8

 ��:� 
�J1�!)Ag2S(����� 6	 5$����&1�' �s! "�)

 "
�U ��$�� )� �

 
�1�8 ���#&1� R�:#�� "��	  1���'

 � S���P8 �) "
8�' a�'�� � 
�' � ($ ��t I� � 
�>	

 � "��b�4�  ��' �

 R��@
$��� .���4�� `^�����

 �	 9	�s� �5$����&1�' 5�1HG )� ��:� ")�^�1�8��

5!� �$I "����'��:

)AD(SAg2FeCuAg4CuFeS 2
22

2 ++→+ +++

X$�@ "����$Ag2S"����$ ���
�� � 
�P'� �)Ag+

 � 
�1�8 
���b:

)A-(+++ ++→+ 2o3
2 Fe2SAg2Fe2SAg

a�'�� ($�P8 � X$�@ "����$ 
�1�8 ��$�#'�	 a:�A-

5!� )�J1�! �
�)��I�	 6$� OLG ���=�� �.

Hiroyoshi a��)�&�� �]-|[6' 
���' ���	Ag+

6���� ���' ���#Pb �  ���n;	 S�P��#� an$�^@� }���

 � a$�^@� 3� u��>#!� ��U )� 6'  4�P��#� � �
	�$-

��
 .Ahonen �Tuovinen ]-�[)� 6' 
���� ����

 68��#�� "��&�� F)�% 6	 ��:� a$�^@� ���$�#'�	 )��G

 � }��� 68�J1�! �$ I� 3� 5�1HG 6' ��



	�$ a$�^@�  ���8 S	�r I�W 6	 �5$����&1�' .�$�

 ��$�#'�	 o��t )� ��:� a$�^@� 6' 
���' ���	 ��::;�

&1�' 5�1HG a$�^@� �	  �' ��YZ8�)�� 5$���� .Juarez �

a��)�&��]-E[~#P�! )� ��:� "����$ 6' 
���� ����

 Q��=�1��	 "��)S�@�^� (� "
�U "����$�� a$�^@� ���	

 � }��� ����$ �$� )��G � 
��
  � "
8�' 6' ��



#J�	 9$��8 6	 5$����&1�' �

 R��@ ��t .�
�� S&��

 � �U ���	 �	 6�$^� ��:�	�$I�	 � 

�	 
�$U�@ ^�� �U  

�
�=�� �) � �8
�' .Yuehua a��)�&�� �]-B[����

 � 6� 
������#��P�' I� ���8 ����� 6	 ��:� "��G "��

6���� Q��=�1��	 )� �Y�� � ��I)� )�^�1�8�' X$"��

���� ���J#!�  #$�����1��.

S&
 )N(:YZ8����:� �	I�	$	� 3�)��)����"�����

)�I� 

S&
 )AB:(YZ8��a$�^@� S	�:#� ��:� �pH�	I�	$	� ��U )�

�)�� ���I�) 



�.�����	
.��
��	�.
 	����� .����� ;����� 	������  !���"� # 
$%& '���� 	
#( '�#()))+,-(	�/�01+�2+3

	� 

S&
 )AA(:YZ8����:� �	��
�8 �#'�	$��)��)�� ���I�) 

L:M��� N)O 

F��$��IU `���� I� S%�G f$�#� 9�:;8 �$� )�

 S��' S$)�#'�@-/I�! 6���	 /�#!�) )� � 4���

 /�� ��#��P�' I� 3� Q��=�1��	 ���J#!� �	  #$����&1�'

 K�) I� ���J#!� �	 R
#�� S�@���8 /��$�#'�	 T�4>� I�

6#@�$ � 

  	�$I)� � S�4;8 3��$)�� ^�1��U �$I "��


�U 5!
	.

k���� ^�1��U � f$�#� 6���	 \$��
 6' ��� ���� ��

 "��� 3� "��	  	�$I�	 6	  	��#!� "��	°C<B�pH

6�1��E/A5�' \�;� �Norris ���:� )�^�1�8�' )��G

)mg/L DB(�
�U 5!
	  	�$I�	 \$��
 �$� )� � 5!�

 ��
G )� R
� I�|<%5!� .�$� ��m �$�#��	 6'

 3�  	�$I�	)|N(%a$��IU )� �)��
N"��� )�

°C--�pH{/A5�' \�;� �Norris )��G �mg/L 

DB 

 S%�G ��:�.

k����� )�bI�! F)�% )� 6' 

 �
����

��$�#'�	 �	 �) ��YZ8 �$�#��	 ���:� )�^�1�8�' ���^@� �

�)�� 3�  	�$I�	 .

k� ��� a$�^@�pH5�' \�;� )�KN6	 ���� �

 � ��U  	�$I�	 
$

 a��' S�&�8 I�  '�G 6' ���b

5!�  ��U F�	�!) .

k6���� )� 5�' \�;� ]�� ��YZ8 6' 

 �>��

  $���--�8°C<B5P�� I)�	 3�  	�$I�	 �	 .)� �	 ���

 5�' \�;� �#�' )��P	 6�$^� �#@�bNorris 6	 5MP�

KNO
� ��e#� �	 �U ��YZ8 ���M� I)�	 �)3�  	�$I�	(�

5�' \�;� I� ���J#!�Norris ��#��P�' Q��=�1��	 )�

}!��� }8��� 6	 R
#�� S�@���8 "��$�#'�	 �	 3� �8

5!� .

k��$�� �s! )�pH6�1��){/A(��$ )��G �

��
�8 ��:� � a��' "�����7 )�W 6	 ��$�#'�	
	�$ .

8:���
6�P = ��(# 

 � ��@ ��C �	 ��b
�P$�� 5'�
 5$��G I� 6' 
����

 F�:�:;8 a>	 ��%�i>� ���$� 3� ($��%  4�

6��7�! 3� (�#�� "0)�1�#��)
���� /)�U�@ ���b

 �
�� ($��% �
&�����  	�$I�	 ��������� ����� �

���� ����	 
��
 ������� 
�$��� �&�8 ����'.

NO��� 

[1] Habashi, F, (1978), “Chalcopyrite; its 
Chemistry and Metallurgy” Mac-Graw Hill.

[2] Habashi, F, (2006), “Chalcopyrite: 
Bioleaching versus Pressure Hydrometallurgy” 
International Conference of Metallurgy of the 
XXI Century, Almaty. 

 
[3] Mc-Millan, R. S., Mackinnon, D. J. and 
DUTRIZAC, J. E, (1982), “Anodic dissolution 
of n-type and p-type chalcopyrite” Journal of 
Applied Electrochemistry, 12 , 743-757. 
 
[4] Blazquez, M. L., Alvarez, A., Ballester, A., 
Gonzalez, F., Munoz, J.A, (1999), 
“Bioleaching Behaviour of Chalcopyrite in the 
Presence of Silver at 350 and 680C” 
Biohydrometallurgy and environment, part A , 
127-137. 
 
[5] Pradhan, N., Nathsarma, K.C., Srinivasa 
Rao, K., Sukla, L.B., Mishra, B.K, (2008), 
“Heap bioleaching of chalcopyrite: A review” 
Minerals Engineering, 21, 355–365. 
 
[6] Qiu, M., Xiong, Sh., Zhang, W, Wang, G, 
(2005), “A Comparison of Bioleaching of 
Chalcopyrite using Pure Culture or a Mixed 
Culture” Minerals Engineering, 18, 987–990.

[7] Fu, B., Zhou, H., Zhang, R., Qiu, G, 
(2008), "Bioleaching of chalcopyrite by pure 



�.�����	
.��
��	�.
 	����� .����� ;����� 	������  !���"� # 
$%& '���� 	
#( '�#()))+,-(	�/�01+�2+3

		 

and mixed cultures of Acidithiobacillus spp. 
and Leptospirillum ferriphilum" International 
Biodeterioration & Biodegradation, 62, 109–
115. 
 
[8] Qiu M.,  Xiong, Sh., Zhang, W, (2006), 
“Efficacy of Chalcopyrite Bioleaching using a 
Pure and a Mixed Bacterium” Journal of 
University of Science and Technology Beijing,
13, 7-11. 
 
[9] Akcil, A, (2007) “Role and Contribution of 
Pure and Mixed Cultures of Mesophiles in 
Bioleaching of a Pyritic Chalcopyrite 
Concentrate” Minerals Engineering, 20, 310–
318. 
 
[10] Hugues, P.D, (2002) “Continuous 
Bioleaching of Chalcopyrite using a Novel 
Extremely Thermophilic Mixed Culture” Int. 
J. Miner. Process., 6,107– 119.

[11] Kinnunen, P. H.-M., Puhakka, J. A., 
(2004), "Characterization of Iron- and 
Sulphide Mineral-oxidizing Moderately 
Thermophilic Acidophilic Bacteria from an 
Indonesian Auto-heating Copper Mine Waste 
Heap and a Deep South African Gold Mine" J
Ind Microbiol Biotechnol, 31, 409–414.

[12] G. J. Olson · J. A. Brierley · C. L. 
Brierley, (2003), "Bioleaching review part 
B:Progress in Bioleaching: Applications of 
Microbial Processes by the Minerals 
Industries" Appl Microbiol Biotechnol, 63,
249–257. 
 
[13] Tributsch, H., (2001), “Direct Versus 
Indirect Bioleaching” Hydrometallurgy, 59,
177–185. 
 
[14] Suzuki, I., (2001), “Microbial leaching of 
metals from sulfide minerals” Biotechnology 
Advances, 19, 119-132. 
 
[15] Sand, W., Gehrke, T., Jozsa, P.G., and 
Schippers, A., (2001), "Biochemistry of 
bacterial leaching-direct vs. indirect 
bioleaching", Hydrometallurgy, 59, 159-175. 
 
[16] Boon. M., (2001), “The Mechanism of 
‘Direct’ and ‘Indirect’ Bacterial Oxidation of 

Sulphide Minerals” Hydrometallurgy, 62, 67–
70. 
 
[17] Ranjbar, M., Schaffie, M., Pazouki, M., 
Ghazi, R., Akbary, A., Zanddevakili, S., Seied 
Baghery, S.A., Manafi, Z., (2007), 
“Application Potential of Biohydrometallurgy 
in the Iranian Mining Industry” Advanced 
Materials Research, 20-21, 38-41. 
 
[18] Brierley, C.L., and Briggs, A.P., (2002), 
"Selection and Sizing of Biooxidation 
Equipment and Circuits", In: Mular, A.L., 
Halbe, D.N., Barret, D.J., (Eds.), Mineral 
processing plant design, practice and control. 
Society of Mining Engineers, Littleton, Colo. 
1540-1568. 
 
[19] Wang, Sh., (2005), “Copper Leaching 
from Chalcopyrite Concentrates” JOM, 57-10 
48-51.  
 
[20] Gomez, C., Figueroa, M., Munoz, j., 
Blfizquez, M.L., Ballester, A., (1996), 
“Electrochemistry of Chalcopyrite”, 
Hydrometallurgy, 43,  331-344. 
 
[21] Rossi, G. (1990), "Biohydrometallurgy"
McGraw-Hill, Hamburg, New York.  
 
[22] Dutrizac, J. E., (1989),  “Elemental Sulfur 
Formation During the Ferric Sulfate Leaching 
of Chalcopyrite” Can. Metall. Q., 28, 337-344. 
 
[23] Hackl, R.P., Dreisinger, D.B., Peters, E., 
King, J.A., (1995), “Passivation of 
Chalcopyrite during Oxidative Leaching in 
Sulfate Media” HydrometaIlurgy, 39, 25-48.  
 
[24] Lu, Z.Y., Jeffrey, M.I., Lawson, F., 
(2000), “An Electrochemical Study of the 
Effect of Chloride Ions on the Dissolution of 
Chalcopyrite in Acidic Solutions” 
Hydrometallurgy, 56, 145–155. 
 
[25] Price, D. W. and Warren, G. W., (1986), 
“The Influence of Silver Ion on the 
Electrochemical Response of Chalcopyrite and 
Other Mineral Sulfide Electrodes in Sulfuric 
Acid” Hydrometallurgy, 15, 303-324. 
 
[26] Parkera, A. J., Paul, R.L. and Power, G. 
P., (1981), “Electrochemistry of the Oxidative 



�.�����	
.��
��	�.
 	����� .����� ;����� 	������  !���"� # 
$%& '���� 	
#( '�#()))+,-(	�/�01+�2+3

	� 

Leaching of Copper from Chalcopyrite” 
Journal of Electroanalytical Chemistry, 10,
305-316. 
 
[27] Lu, Z.Y., Jeffrey, M.I., Lawson, F., 
(2000), “An Electrochemical Study of the 
Effect of Chloride Ions on the Dissolution of 
Chalcopyrite in Acidic Solutions” 
Hydrometallurgy, 56, 145–155. 
 
[28] Stott, M. B., (2000), “The Role of Iron-
Hydroxy Precipitates in the Passivation of 
Chalcopyrite during Bioleaching” Minerals 
Engineering, 13 No. 10-l,1117-1127. 
 
[29] Sandstrom,  A., Shchukarev, A., Paul, J., 
(2005), “XPS Characterisation of Chalcopyrite 
Chemically and Bio-leached at High and Low 
Redox Potential,  Bioleaching of a Complex 
Sulphide Ore With Moderae Thermophilic and 
Extreme Thermophilic Microorganisms", 
Mineral Engineering, 18, 505-515. 
 
[30] Elsherief, A. E., (2002), “The influence of 
cathodic reduction, Fe2+ and Cu2+ ions on the 
electrochemical dissolution of chalcopyrite in 
acidic solution” Minerals Engineering, 15,
215–223. 
 
[31] Third, K.A., Cord-Ruwisch, R., Watling, 
H. R., (2002), “Control of the Redox Potential 
by Oxygen Limitation Improves Bacterial 
Leaching of Chalcopyrite” Biotechnology and 
Bioengineering, 78- 4, 433-441. 
 
[32] Hiroyoshi, N., Kuroiwa, S., Miki, H., 
Tsunekawa, M., Hirajima, T., (2007), “Effects 
of Coexisting Metal Ions on the Redox 
Potential Dependence of Chalcopyrite 
Leaching in Sulfuric Acid Solutions” 
Hydrometallurgy, 87, 1–10. 
 
[33] Dutrizac, J. E., (1982), “Ferric Ion 
Leaching of Chalcopyrites from Different 
Localities” Metal. Trans. B, 13 , 303-309. 
 
[34] Munoz, P. B. et al., (1979), “Reaction 
Mechanism for the Acid Ferric Sulfate 
Leaching of Chalcopyrite” Metall. Trans.B, 
10B, 149-158.  
 
[35] Howard, D. and Crundwell, F. K., (1999), 
“A Kinetic Study of the Leaching of 
Chalcopyrite with Sulfolobus metallicus” 

Biohydrometallurgy and the Environment 
Toward the Mining of the 21st Century, 209-
217. 
[36] Kawabe, Y., et al., (2003), “Inhibitory 
Effect of High Concentrations of Ferric Ions 
on the Activity of Acidithiobacillus 
ferrooxidans”, Bioscience and Bioengineering,
96- 4, 375-379. 
 
[37] Hiroyoshi, N., Miki, H., Hirajima, T., 
Tsunekawa, M., (2000), “A model for ferrous-
promoted chalcopyrite leaching” 
Hydrometallurgy, 57, 31–38. 
 
[38] Crunwell, F.K., (1988), “The Influence of 
the Electronic Structure of Solids on the 
Anodic Dissolution and Leaching of 
Semiconducting Sulphide Minerals” 
Hydrometallurgy, 21, 155-190. 
 
[39] Acevedo, F., Gentina, J. C., (1989), 
“Process Engineering Aspects of the 
Bioleaching of Copper Ores”, Bioprocess 
Engineering, 4, 223-229. 
 
[40] Bosecker, K., (1997), “Bioleaching: 
Metal Solubilization by Microorganisms” 
FEMS Microbiology Reviews, 20, 591-604.  
 
[41] Daoud, J., Karamanev, D., (2006), 
“Formation of jarosite during Fe2+ oxidation 
by Acidithiobacillus ferrooxidans” Minerals 
Engineering, 19, 960–967.

[42] Watling, H. R., (2006), “The Bioleaching 
of Sulphide Minerals with Emphasis on 
Copper Sulphides - A review” 
Hydrometallurgy, 84, 81–108. 
 
[43] Cordoba, E. M., J.A. Muñoz, J.A., 
Blázquez, M.L., González, F., Ballester, A., 
(2007),  “Leaching of Chalcopyrite with Ferric 
Ion. Part IV: The Role of Redox Potential in 
the Presence of Mesophilic and Thermophilic 
Bacteria” Hydrometallurgy, Article in press. 
 

]--[) )�r�.` ���I��1�� �.` )�r� �.�)����(�»")���@

"0)�1�#� )�  	��&��«� ($��% ������� F�)��#�� �

����8 ������.

[45] Ballester, A., Blazquez, L.M., Gonzalez, 
F., Munoz, J.A., (2007), "Catalytic Role of 



�.�����	
.��
��	�.
 	����� .����� ;����� 	������  !���"� # 
$%& '���� 	
#( '�#()))+,-(	�/�01+�2+3

	� 

Silver and Other Ions on the Mechanism of 
Chemical and Biological Leaching" E.R. 
Donati and W. Sand (eds.), Microbial 
Processing of Metal Sulfides, 77–101, 
Springer. 
 
[46] Hiroyoshi, N., Arai, M., Miki, H., 
Tsunekawa, M., Hirajima, T., (2002), “A New 
Reaction Model for the Catalytic Effect of 
Silver Ions on Chalcopyrite Leaching in 
Sulfuric Acid Solutions” Hydrometallurgy, 63,
257– 267. 
[47] Ahonen,  L., Tuovinen, O. H., (1990),  
“Catalytic Effects of Silver in the 

Microbiological Leaching of Finely Ground 
Chalcopyrite containing Ore Materials in 
Shake Flasks” Hydrometallurgy, 24, 219-236. 
 
[48] López-Juárez, A., Gutiérrez-Arenas, N., 
Rivera-Santillán, R.E., (2006),    
“Electrochemical Behavior of Massive 
Chalcopyrite Bioleached Electrodes in 
Presence of Silver at 35 °C”, Hydrometallurgy,
83, 63–68. 
 

Optimization of Copper Concentrate Bioleaching by Mixed Moderate 
Thermophile Bacteria 

Ali Ahmadi1,2, Mahin Schaffie2,3 , Zahra Manafi 4 ,  Mohammad Ranjbar5

1.Ph.D student of  Mining Engineering & Member of young researchers Society, Shahid Bahonar University of Kerman.  
2. Mineral Industries Research Centre (MIRC), Shahid Bahonar University of Kerman  
3. Assistant Professor of Chemical Engineering, Shahid Bahonar University of Kerman. 
4. MSC, National Iranian Copper Industry Company, Sarcheshmeh. 
5. Professor of  Mining Engineering, Shahid Bahonar University of Kerman. 

A R T I C L E  I N F O   A B S T R A C T  

Article history : 
Received 31 May  2009  
Received in revised form 23 Feb. 2010 
Accepted 5 May 2010 
 

The main objective of this research was to study the 
bioleaching of Sarcheshmeh chalcopyrite copper 
concentrate by mixed iron- and sulfur- oxidizing bacteria. 
Experiments were designed using a full factorial design 
program. The effects of temperature, pH, nutrient medium 
and silver ions on the iron and copper recovery from 
chalcopyrite concentrate as well as on the cell 
concentration were considered. The experiments were 
carried out at a pulp density of 10% (w/v) using shake 
flasks in incubator (150 rpm) for 30 days. Several models 
have been developed between the target variables and 
relevant parameters by means of variance analysis using 
the Design-Expert software. It was found that the 
maximum copper recovery can be achieved under the 
following optimum conditions: T= 50°C; initial pH= 1.8; 
nutrient medium= Norris; silver concentration, 30 mg/L.  
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