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3� "�����'5>!�! �)�� "��
�$U�@ )�  ��' �$�8

�  $���� Q��=�1 5!�  $�$�#'�	]DkA.[�m�G R�G )�

5$����&1�' "
�J1�! (	��� I� 3n�  n	�$I�	 "��	 I��)��

 � 6W�	�� ��#��P�' 6��8 /��	 /I�! )��� K�)

  � ���J#!� �"^4@ 3� 
n�1�8 /��	 a�1�� � o�p 3q!

�� . �@ � "��i#r� � s�;� 5P$I FH&�� S�1
	

� 6�� 
�7 )�  &$0)�1�#����� "���) S	�r KH8 ���C

  &$0)�1�#��)
�� "���) I� ���J#!� /��	  ���8

 �
 ]�� 3� ��$�	  ��U ��t F�^4@ u��>#!� /��	

5!� .��#��P�' I� 3� RHn;�� ��v�� 5��! 6	 6��8 �	

 
�$U�@ w)� "��	 /�
�#� F�:�:;8 � #$����&1�' "��

��#��P�' ]�� �$� RH;�� 5��! a$�^@�� �
 `���� ��

!�5.c4#>� ]���� I� ���J#!� �#!�) �$� )�

 � ��U �
��' 
�P'� S�@�
�!� "���P���b)���&��

 ��C� F�:�:;8 a>	 �$�#��	 �c4#>� \$�� )� )�J1�!

5!� ���� x�i#C� ��C 6	 �) .


�P'� "���P���b)���&�� I� �Q��=�1��	 
�$U�@ )�

 ���� I� F�^4@ u��>#!� "��	 �)�J1�! � ��U �
��'


�� � ���J#!� �"
�J1�!  ��� .���P���b)���&�� �$�

 
�P'� "� 5�My8 �	 
�)��r 
�#P� O�8�8��#�1��' 6'

 )�W 6	 x�C  8)��G ���
;� z$ )� �JP�8� I� �	�'

 
) O��8�8� �	 ")�bI�! "��	  	�C  $����8 � 
�$���


�)�� \�;� .Sn�@�^� "��n$�#��	 /��	)�' /��� 6����

°C-Bk{B#��	 �R
#�� S�@���8 "��$�°C<<k-B�

94s� S�@���8°CE<k|B5!�]<�-[.���� F�:�:;8

 a$�^@� }��� ��$�#'�	 }�'�8 I� ���J#!� 6' 5!� ����

 "�#'�	 ]�� X$ �	 "��s�;� 6	 5MP� Q��=�1��	  $U)�'

 � ��]ABk|.[S�@���8 � R
#�� S�@���8 "��$�#'�	 I�

�! "�����' RH;�� "��	 94s� 
���� `��:� "
�J1

 � ���J#!� 5$����&1�' ��]A{�AA.[

~P���b)������ \!�8 5$����&1�' RH;�� �� �	 ��

 � `���� ~�:#P� ��t � ~�:#P� ~P���&� �� .)�

�	 6' ~�:#P� ~P�����a���� A�5!� �
 ���� ����

 �	 5$����&1�' �s! � "�#��	 ��	 2��8 �
#	�

��r�	  %�C "���P���&� � )I� ���J#!� �	 3q! ���

 6	 5$����&1�' ���$�#'�	 )�
� I� �
 ��8 "���$^�U

 � a$�P�� 3� F�J1�! 
	�$]A�kAD.[

)A(( ) OHSOFeCuSO2SOHO
2

17CuFeS2 234244222 ++→++

I� "^n4@ "��
�J1�! Q��=�1��	 ~�:#P���t ~P���&�

 4� � F�J1�n!��8 �n�P� �� � `���� 
�J1�! ��]AE.[

~�:#P� ��t Q��=�1��	 
���� �����' I�  ��	

 4� ��P� 9$�W I� 5$�1�J!� � �1�b �5$����&1�' 
�J1�!

 64�G � X$�@ ��U  �$�P'� S�� I� ���J#!� �	  ��$

 � F)�% ��8���6��b 6	 � ��n�b ��@ ��U 6' 5!� "�

 ��U 6	 ��$�#'�	 \!�8 � $���� Q��=�1 I� �
 ��IU

����' "��	 "�r �
�P'� S��� X$ 6' X$�@ "
�J1�! "�

 � S$
M8 5!� ���nb)a����"�� {�8<] (AE�A<kAD.[

){(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

")��8 2��:� )� �) ��C  $����8 Q��=�1��	 
�$U�@

 6$���Y "��
n�J1�! � )��HW "��#$��� ���!�
�P'� "��	

 �8 \!�#� � \�;� "����� )� �3�⁰C<B���� ����

5!� .8 ~t��4� ��� "��	 I��� K�) �$� ������@ "��H

��#��P�' �
�!��  #��% 64G�� 6	  #$����&1�' "��

5!�]D�.[�O
� �$� 6	  	��#!� )� 61ZP� �$�#���

 a�'�� R�i;� o�!) S�1
	 3� RH;�� ��v�� 5��!

5!� �
 `H�� � ��' �s! "�) 
��� .6	 6$� �$�

 ���#&1� � ����$ �0�J$� "��	 
! X$ ����� � S�� 
�'

 ���
n� ann�'�� 5$����&1�' �	 Q��=�1 R�4;� 2��8 I� �

 � "��b�4� 
$���]{{k{B.[)���� 6	 6' 
�7 ��

 ��U S�&�8 \$�� � �
�)��I�	 6$� �$� 5��MW  $�!��

 �$� �m�G R�G )� ��� �5!� �
 `���� "��$I F��1�s�

$����&1�' Q��=�1 F��1�s� )� ]�m�� �$�#��� ��
$
� 5
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 �
�	 .6$���/�� c4#>� �5$����&1�' �
 R��@ ��t

 ")�J1�! 6$� S�&�8 I�  �� �)]{D[�r�� 
�J1�! �

5$����&1�' 6�M "^4@]{|k{-[6�M 
�J1�!  4� �

CuxSy]{�[
��� w�#�� �s! �k5�1��#&1�]D[�$ �

��U F�M�'�8 o�!) 5n�!�)�� 
���� )��]DBk{E�{<[

6#P���
�� .

)� I� 3� Q��=�1��	 /I�! 6���	 O
� �	 9�:;8 �$�

 T�4>� I� ���J#!� �	  #$����&1�' /�� ��#��P�'

 X�' 6	 F��$��IU  G��W � R
#�� S�@���8 /��$�#'�	

 )�^@� `��Design Expert 
����  ��� /���#��)�� a:� �

����pH�3�  	�$I�	 �	 ��:� )�^�1�8�' � 5�' \�;� �

$�#'�	 
) � ��U !)�	 �)�� �� )��r ���b  �.

<:��/=6 = 
��� 

3� ��4e8 6��C)�' ��#��P�' I� 9�:;8 �$� )�

5!� �
 ���J#!� 6�1�� ���� ����� 6	 6��7�! .

"��^�1��UXRF R�
� )� �C� 6���� "0�1����� �

)A(S& �)A(5!� �
 6v�)� .6��� ^�1��U 
��! �	 "
�	

 6' ��� ���� )^$�!�4&�! �d80 )EB")�M� 
%)� (

��
G )� 6�����<5!� ���&�� .

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(%) 

>� S�� 6' R
#�� S�@���8 "��$�#'�	 I� I�  W�4

 � ��!�4�!�	 �3��
�P'��@ `��4$�qP#q1 "��$�#'�	

 5'� \!�8 � 
�#P� ��!�	�1�J1�!Mintek "�:$�@U

�
 "I�!�
�  	���
$��b ���J#!� 
�� .

S& )A: (^�1��U "0�1����� 6���� ��#��P�� 3�.

_1�� 6#�P��� �8 ��$�#'�	 �
#	� �F��$��IU `���� "��	AB


%)�)w/v (�	�&� )�8�	�&�� )� 3� ��#��P�'


�
$��b )�bI�! .6���	 "���$��IU 3q! )� "I�!

 _1�� 6#�P���AB
%)�(w/v) ��:48 ��^�� �	{B
%)�

(v/v) F
� 6	 ��� �)��  �$��IU V�s! �DB)� I�)

 ��^�� )�� )� � )���&� )�8�	�&�� ��rpm A<B `����


�
 .6��I�)ORP ���#&1� }PG �	Ag/AgCl �pH

I��� F)�% )� � 5MY ���1)�pH�	
�!� I� ���J#!�

 X$)�J1�!) ����$��IU 6�)� (��^�� ���=�� � ~���8

6���� ��>M8
$��b ���M� �s:� oU a$�^@� �	 �� .

R�
� ){: (5�' /�� \�;� }�'�8)�	}PG `�b �#�1�	 (

(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 

R�
� )� 5�' /�� \�;� }�'�8){(5!� �
 6v�)� .

 �n8� oL�  ��&!��#&q!� ���#!� I�)R
�Varian 

220 (�I�
n�� "��n	 )�  4' ��U � 3� "��#�4t "��b

 ")�� ��&!��&�� I� � ��1�4;�)R
�ZeissU ����1 (


$��b ���J#!� ��$�#'�	 K)�� "��	 .

 ;s! �� S��' S$)�#'�@ V�W X$ I� 9�:;8 �$� )�

){-(S�� 6'A|
$��b ���J#!� ��	 a$��IU . !)�	 �	

 R���� ���
;� � ~�� "��)�#'�@ �c4#>� F�:�:;8 f$�#�
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S�@���8 "��$�#'�	 �	 3� ��#��P�' Q��=�1��	 )� ���U

�
  $�!�� R
#��
.�)�� "���#��)��  	�>#�� V�s!

I� 
�8)�M�  !)�	 :����--�°C<B�pH�{/A�E/A�

�5�' \�;�Norris �9K��:� 5�4t �B�mg/L DB.

3��$)�� ^�1��U K�) I�(ANOVA)  !)�	 "��	

 �	 �S	�:#� F���YZ8 �  4%� "��)�#'�@ ��YZ8 ��^��

 d!�� "����e#�)� ��U  	�$I�	 �3�  	�$I�	 ��
�8

��$�#'�	 (
$��b ���J#!� )R�
�D�-.(

R�
�)D: ( !)�	 �)�� V�s! �  4%� "��)�#'�@ 

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 

A:!�%7# = �B�6�C��� 

"��	 �$��IU \$�� R�
� )� u)
��)-(�F����e8

��U �3�  	�$I�	 �\�;� ���G� ���!�
�P'� S�P��#�

 �)�� R�W )�DBS& )� Q��=�1��	 F��$��IU �I�) 

){(5!� �
�U .W )�^@� `�� I� ���J#!� �	 a$��IU  G��

Design Expert 64�� 
�7 ���!�b) "��1
� 6M8�� "�

Aa�� "��	 ���$�#'�	 ��
�8 � ��U �3� �$��:�  ��	

 
�
�U 5!
	)\	��)|�8AB.(]���� ")��U F�i>��

 �$��:� �  	�PG (	�� �"��IU 6�)� �F��	��F�P

���=�� � ��U � 3�  	�$I�	 �
 6v�)� "��1
� "��	

	 ��
�8 R�
� )� _1�� )� ��$�#'�)-(5!� �
�U .S&)D(

 � ���� a$��IU )� 3�  	�$I�	 �$�8��	 6' 
��N)�

"���°C--�pH{/A5�' \�;� �Norris )��G �

mg/L DB � S%�G ��:��� .X$ 6'  #���� �#P���

6���	 )�  ��� ]�m�� �)�� d!�� ��e#� �	 )�#'�@ -

5!� 6�$^� R�#�' � "I�! .�@)� 
$�	 I)�	 "��)�#'

 6' ")�
:� )� 
$�	 I)�	 ��t "��)�#'�@ � 6���	 )�
:�

 � S��;8 ~#P�! �	 �) 6�$^� �$�#�'
�� ~���8 
�$��� .

��	 S	�:#� F���YZ8 � )�#'�@ �� ")������ �a>	 �$� )�

 ")��U  G��W I� ���J#!� �	 6' c4#>� "��)�#'�@

  �$��IU V�W X$ �	 ���$��IU{-��
  	�$I) �
��

 �  !)�	���b.
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S& ){: (I�	$	� �3� ��U �P��#��SP'��!�
���kG���";��\6	 5MP� ���I )�G��	�1��=�Q�)���$\��IU$� R�
�-

R�
�)<:(���U ")��U F�i>��� �
�U 5!
	 "��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) 
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.:1:D��������� !����� E����F#–���*�

 H�7� 

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

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