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� �! %��" C��,     C��, ���D	$ C��� @(�)	 ��    @A'A ��� �	     %������ �! %!�E�"� !�'� �!�'� ��F   ���G��'H ��GF 

 �
!�� �"��	.    =�'7 J�'�� �� �D
 %��" C��,   ��FK�L���%�((, �%!'	 %������ �! M�'��� @,�� %!�E�"� �$ �� �����'H ��F!'�.  M�'GN� 
            =�'7 @
� �
� @	 �0���� ��� � %��" @
� @	 K6O �� P'	��   � !'�  @D(
� ���	                 QG?�	 � �GF! ���G	 �� !'GH ��'G� R�'H ���'�	 @
� �
� 

    !'� �0���� ��� ���B� =F�,      �� S)� ����	 KT�O @
� ���L
 ����	.  ���U ��               �VB�GN � W�GN XYG" � ��G	 �
���G"� Z�A! @	 [�    @G, 
�!��! !     �� �0���� ��� ��\�� �
���, �������	 ]�B�0 �
� �! Z�A! ���F @	 @, �G
!�� K�L��� @
� �
� ��'(? @	 [�  .   ���G� ^
�G�� !�!  @G,

            [� ���"� C��� ]
�U �� !�'� ��� �	 [� �D
��DA� ���D	$�V?  S_�5��\�  �F��D�� �� �
67���	 .�)O =�'7    [G� �GF!    ��� �G	 
@A'A    >'V�� ��!�'� ��F  �! [� ���"� �`V_  @�)0 [� a�EA'" �� bV�L� ��F=�'7 a��V�? � �� �F!  c�G0� ���! �!  ��G�� �! �  ��GF

bV�L�  ���� a�'N           !!�� �
�"�(� [� a�EA'" ��\�� Zd��� �	 =�'7 �
��)	 �0 .               �G� %!�! =G�'7 %��G" C��G, �[G� ��� �G	 [e"  .
 =�'7 a��V�?  �F! %��" C��,   ���� � �F��! �! \�� V�L� ��F �! � bpH���fU  �0 �� C�g�� C���     @G	 ���G�� @G�'&h�F  S�G`(0 � >�G�(, pH 

 ���f� C��� .     =�'7 ��H�'(D
 � ���(f�i �)��� �!�F       ��	�� �����DA� j'D"��D�� � @U'	�� ��F!������"� k"'0  )SEM(     �G"��	 !�'G� 
���� ���d.  

  
�*
��'�+� ���:  

�D
��DA� ���D	$ �%��" C��, �[�.  
  
1-�$',$   
�        @G��!��O ���fU � ������� Z�A! @	 ����'H �l��       ��'G(? @G	 �5�

 �O �
���)��
\&
   �
�" �l��� m	�(��  �H'" �(���       � �V��G� ��F
@��F  ��   �"� @O'0 !�'�  .    �l�G�� �� %!�E�G"� �G)O �VN� %�� �!

H   �� �GG(0��f? @GG, !��! !'GGO� ��GG��' :bGGA� (  �l�GG�� Z
�GGf0
  K ��GGD
��DA� �l�GG�� @GG	 M���B��GG� ���GG��'H ( �l�GG�� Z
�GGf0

        �GD
��DA� �l�G�� @	 [e" � �0���� �l��� @	 ����'H    �G
� @G,
          �l�G�� @G	 ��G��'H �l�G�� Z
�f0   kG"'0 �G0����  S��G�"   ��GF  
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 ZD�)1(:���(V�" �'�DV, q
 q�0���  ]2[.  

  

  
 

 ZD�)2:( �'�)" ���(V�" �'�DV, q
 q�0��� ]2[. 
  

�GG� a�'GGN ���GG��'H �GG0���� !�GG�� ]1[ .S��GG�" C�GG�0 �GGF �
  �0���������'H1      C�� @	 ����d ����! �'�DV,2  �G�       @G, �(G��	

    �VGN� rE�s�  �$ mG�O      ��G��'H �l�G�� ���$  �G�    �G��	]2[ . �!
ZD���F )1(   � )2( �
'p0    ��G
���        ���G� ���(V�G" �'G�DV, ��

  �"� %�� %!�! .    ���G	 @G, �"� �
� �	 ZN� M�'��� �F�'�DV, �!
 %��GG" XYGG" qGG
 ���GG��'H ��GG��� K6GGO �GG�� �! =	�GG0 t

  �� ���d ����'H  !���.          K6GO �� ��G��'H �l��� %��" XY" �
� 
   �� C�� � %!�,           >��G" q
 @	 �� %�� K6O ����� [e" � !'�

        �"� ��
�O �! @A'A ���! @, �_�� �
 � K$ ��`��   %!�G, ZGB�(� 
 �$ �   �� C�� ��  �(, ]3[ .            ��� �G	 %��G" XYG" qG
 !�Gg
� ���	
@A'A    =�'7 �� �F   @	 C'"'� �N�H ��F =�'7 ��F K�L��� %�((,3 

�� %!�E�"� !'�] 4 � 5[ .    �! ��G	 K6GO ��\G�� ����! @, ��Y"
      ����'H a�����0 w'� >'U %!����)3/0   �0 2  ���GD��  (  %!'G	

       w'� >'U �! �$ ��� ��\�� ��(h�F �     �(V	 ��F) \��d ��!�� ( S,
    XY" �� ����	K�L���%�((,  �G�     �G(���]5[ .       �� �GD
 %��G" C��G,

 '7 J�'��=�    ��FK�L���%�((,   %!'	     ��	 K6O x
�
 ����! @,
92/0   �0 97/0    w'� >'U %!���� �!   ����'H a�����0  ��    ���	

]6[ .     �G
� �	 %�#?           �G0���� �
���G"� ����! %��G" C��G, =G�'7
        � �0���� ����
�7 ��(h�F � %!'	 �
��	    ��!�'GH @G	 ����B� 

      �G� K'GH ����	 \�� �$   �G��	 ]7[ .        ZG�A! @G	 �G��U ��    �!'G	 SG,
=(GG0   ��GGi! %��GG" C��GG, K'GG"� �%��GG" C��GG, �! �GGVH�! ��GGF  

z�GG0 �GG�� ��GG� @�GG"'7 � ��!�'GGH  !'GG�]8[ . �� �GG&
! �GGD
  
�
\�     	 %��" C��, C��� �VN� ��F  @        @G	 ��G�� C�? �%�� %!�	 ��,
  S�`(0pH            =G�'7 ��A'0 �A')" �! \�� xVY� �
� @, %!'	 C��� 

�GG� qGG�, %��GG" C��GG, �GG(, ]9[ . �'GGi M�'GGN�K6GGO  �l�GG��
  ����'H    �� P'	�� %��" @
� @	      @G
� �G
� @G	 �G0���� ��� � !'�

             �G��	 SG, �G
�	 KT�GO @
� ���L
 �
��	�(	 �=�'7)   �� �G��,
   \��d ��!�� w'� >'U (           �� !'GH ��'G� R�'GH ���'�	 @
� �
� �0

           !'G� �G0���� ��G� ���B� =F�, Q?�	 � �F! ���	 .    >�G{� ���G	
      �0� ���! �! [� � #U �%�B�       !��� �! �0���� ��� ����! c2/0 

��          ���G	 �
���G"� ��G0���� ��G� �!'G	 SG, �G
� Z�A! @, �(��	  
�$   �$ �VB�GN � W�GN XY" ��(h�F � �F  �G� �GF   �G��	]10[ . ��

 @A'A @, �
�g�$     ����G� ���G��'H %�G����� �! %!�E�"� !�'� ��F
           �
� @" ��	 �� @, �
� @	 @O'0 �	 � %!'	 �!�'�     GU �%�GB� @
�  � #

      @��N @	 ���B� @�F �� [� �[�    �0�"�     �
� ��'(? @	 [� ���	� � 
  @
�)  %��" C��, ���	 (  @A'A ��� �	       =G�'7 %������ �!�'� ��F

�� %!�! =�'7 %��" C��, �$ ��� �	 [e" � �� %!�! .  
  
2- .�,/0 3�� � !
�$  

   %!��$ �)O @, �!�'�    D	$ C��� ���"  �G� %!�	 ��, @	 [� ���
Z���:  

1 ('GGGG" @GGGG0����F [GGGG� a�EA)
4 2

CuSO .5H O(  �2 ( ��GGGG"�
 q
�'EA'"]

2 4
H SO (95 98W%)�[ 

    %!��$ �)O @, �!�'� �           �G� %!�	 ��, @	 %��" C��, C��� ���"
Z���:  

1 (   C��, a�EA'")
2 4 3

Cr (SO )(  �2 (   �A�f, �
�V,)
2

CoCl(�  
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 >��O)1(: 
��� � x�,�0[� ���D	$ C��� ���, k.  
q
�'EA'" ��"� ) W%98- 95) (���A �	 C��(  30  

 @0����F [� a�EA'")���A �	 C��(  10  
 C��� ���!)����" @O�!!���(  24  

 ��0�, ��
�O @�����!)�"! �	 �e�$m	�� ���(  1  
 ���D	$ ����)@B�d!(  3  

pHC���   2/1  
��$  [�  

  
>��O) 2( :$ C��� �
����� x�,�0%��" C��, ���D	.  

%!��  ���A �	 C�� x�� �	 �`V_  
C��, a�EA'"  196  
�A�f, �
�V,  33  

S
�" ��E��'e�F  21  
�! a�E��S
�" �l����F  4  

  
3 (   S
�" �
�'V�)NaF(� 4 (    S
�G" ��E��'e�F)

2 2
NaH PO( 

 �5 (�! a�E�� S
�" �l����F)
2 4

NaH PO(.  
 %!��$ %'��          @, !'	 @�'&(
� [� ���D	$ C��� ���"30     �G	 C�G� 

     � q
�'EA'" ��"� ���A10          @G	 @G0����F [� a�EA'" ���A �	 C�� 
     Sg� @	 ��	 ���!800 �"          >'V�� Sg� [e" � �� @�L
� �"

     @	 �YB� K$ �	600 �"      ���G"� �G"  �G� % .      C�G�� ���G, k
��G�
     >��O �! [� ���D	$)1(    %�� %!��$ �"� . %!��$ %'��    ���G"

                  ]	�GY� !�'G� ��G�	� @G, !'G	 @G�'� �
� @	 \�� C��, ���D	$ C���
�`V_     >��O �! @, �
�F) 2(          � xG�,�0 �&
�GD
 �G	 %�� %!��$ 

       Sg� @	 ��	 q
 ���! [e"800 �"     ���� @�L
� �" .  �	 [e"
      @	 >'V�� Sg� �YB� K$600 �"     �� %���"� �" .    �VGN� =GB�

    �! a�E�� � S
�" �
�'V�      �%��" C��, C��� �! S
�" �l����F
        � �"� %!'	 �H�'(D
 � %�(f�i �%��0 ��Y" !�g
�    %!�� �! �
�

 �� Q?�	              K6GO ���GB� �
���G�	 %��$ �"! @	 =�'7 @, ��'�
    ����'H w'� >'U %!���� �! ��      �G��	 ���! ]6[ .    ���G, k
��G�

 C��GG, ���GGD	$ C�GG�� >��GGO �! %��GG")3(�GG"� %�GG� %!��$ .  

  
  
  

>��O) 3(:%��" C��, ���D	$ C��� ���, k
��� .  
 C��� ���!)����" @O�!!���(  35  

 ��0�, ��
�O @�����!)�"! �	 �e�$��� m	��(  35  
 ���D	$ ����)@B�d!(  1  

pHC���   ���fU  
��$  K�"  

  
%���� >��O) 4( :�
'���"� C��� ���, k
��� � x�,�0.  

q
��
�V, ��"�HCl(37W%)) �	 C�����A (  250  

 >'V�� ���!)����" @O�!!���(  45  
 �
'���"� ���� a��)@B�d!(  7  

  
     (
� ���	 �"� �,T @	 C��      M#��, %��" C��, C��� �! !�'� @D Z� 
      @	 C��� ���! ���	� ���'�50    ����G" @GO�!        SGF � %����G"� !��G�

     ��GG�! �! ���GGD	$ @GGD(
� ���GG	 [eGG" � �GG� %!�35 @GGO�!   
����"   a�'N !���           K$ �! %��G" C��G, C�G�� ���� ��	 �!���

  !�! ���d !�" �� %           �G"�	 �G`� !�'� ���! @	 m
�" C��� ���! �0  .
                XYG" �G	 �!�'G� @A'A q
 ���	� @, !'	 a�'N �
� @	 ��, %'��

  �O��H36 ����"              �G0 %!'G�� �
'G���"� � �
'G���Vd �� mG	�� ���
�	�i          �G���	 ��G	 �� ��YG" ��F���G,� � �F .    
��G� � xG�,�0 k

 >��GGO �! �
'GG���"� >'GGV��)4(�GG"� %�GG� %!��$  . ��GG(h�F
               �G0 �G� %�����'7 c�	 x�i �	 �
 � z� k"'0 @A'A �VH�! XY"

 !��&� =�'7 .        >'GV�� k"'0 ��Y" ��F���,� ����!�	 �� [7
      �� ZB�(� [� C��� @	 @A'A ��
'���"� . 	 ��$  @    �! %�� %!�	 ��,

        |A�GH [� [(O �� �[� ���"� C���)9/99 (% 'G	  XYG" � %!
     !'	 �0�, XY" �	��	 ��)i �$ .   @A'A [e")�0�, (    � �E(� xYd @	

  [�)��$ (           @G
6~0 mGf(� �Gf{� xGYd @G	dc        a�G� � �G� ZpG�� 
  ��
�OA/dm2 1  �
!�� ���d�	 .  �$ �� Zfd         !��� �G0�, � �G�$ @G,

 ��'� C����           C�G�� !��� �G0�, � �G�$ [eG" � �G� ���Gd�	 l�G�A� 
���� .    �� ����'VO ��, �
� Z�A! ���� �   �'
 m
�" ���   [� ��F

             !'G	 [A��G�DA� a�'GN @	 �0�, XY" ��� �	 C��� �! !'O'� .  
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 ZD�)3(: [� =�'7 ���H�"\
� (J = 0.5 A/dm2). 

  

  
 ZD�)4 :( [� =�'7 ���H�"\
�(J = 1 A/dm2). 

  
  ���H�"    ��
�O �! [� =�'7 �7'D"��D��   ��GF5/0� 1� 2   � 3 

  �"! �	 �e�$    x�0�0 @	 �m	�����  �!ZD�  ��F)3(  �)4(  �)5 (  �)6 (
   �"� %�� %!�! ���� .  �$ �� ��	 @,      =�'7 [� k"'0 @A'A XY" 

      ZB�(� %��" C��, C��� @	 M��
�" @A'A ��� %!�!�
!��  .	 ��$ @ ��,
                  �G	��	 ��GF �$ XYG" � �	�G" �%��G" C��G, C��� �! %�� %!�	

  !'	 �0�, XY".           G	 �0�, � %!��$�! @��'�"� ZD� @	 �� ��$ [e" @
      !�! ���d �$ \,�� �! �!'�? a�'N �� % .     XY" C��0 ��, �
� �	

      �� ���d ��$ t��� �! @A'A �f��O !�G�� .    �7'DG"��D�� ���H�G"
 �! %��" C��, =�'7ZD� ��F)7 ( �)8 (�����"� %�� %!�!  .  

2-1- �#&�4 ��  
      �� @, !�! ���� %�� C�g�� a��
���$        [G� ���G"� C��� �� ��'0

    �� �	 [� =�'7 �)O   !'�� %!�E�"� !�'� � .  ��(N �! M�'���
 �
� ���	                 qG�, �G	 ��G�	� �G(F�	 [G� =G�'7 !�'� ��� �	 @,

             =G�'7 !�'G� ��� �	 [� z��� r
� q
 �[� ������" C���  

  

  
 ZD�)5 :( [� =�'7 ���H�"\
� )(J = 2 A/dm2.  

  

  
 ZD�)6(: [� =�'7 ���H�"\
� (J = 3 A/dm2).  

  
��                     [G� z��G� @G
� qG
 ����! @G, !�'G� �G
� [eG" � �(F!
��        �� [� ���"� C��� @	 �� ���	          �� [G� rG
� ���L
 �0 ���	

 �((, !�
� .        �'G
 @G, �"� �
� ��, �
� Z�A!       C�G�� �! [G� ��GF
              �[A��G�DA� a�'GN @G	 !�'G� XY" ��� �	 m
�" �V�H ���"�

����� ��         �'
 �&
! ��� %��f�i m��� � ��'� @	 �F    ]
�U �� XY" 
  �� �D
��DA� ���D	$  ��'� .  	 [� =�'7 �
��	�(	 @   %�G�$ �G"!

        �G� %�G(, !�'� XY" �� ����� @	           @G	 �	'GH ���(f�Gi � !'G�
    ���! �F�'L� XY"]11 � 12[ .      ��� ���"� C��� �
� �	 %�#?

   	 ��(N �! @,  @  �� %!�	 ��,  !'��     ���G� ��'��� 195    �GA� 248 
     ���F [� a�EA'" ���A �	 C��   @G0�)

4 2
CuSO .5H O ( �G�    �G��	

]11 � 12[             �G
� �! %�G� ����U [� ���"� C��� @, �A�� �! �
   ���� @A�B�10              �G
� @G, %!'G	 @G0����F [� a�EA'" ���A �	 C�� 

 �� ����           �G���U C�G�� ����p� [� a�EA'" ��\�� �`� �� �F!  
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 ZD�)7(:�
� �	 %��" C��, =�'7 ���H�"\
�  �!�'� @
�.  

  

  
 ZD�)8(:�
� �	 %��" C��, =�'7 ���H�"\
�  ��� @
�.  

  
   @��GN @GG	 ���GB� ����GG	 %�G� �G� �GG0�GG��	 .  ��\GG�� �GG"��	 ���G	

 GG	 [GG� =GG�'7 ���(f�GGi @  �� �!�'GG� XYGG" @GG	 %�GG�$ �GG"!
  %���GG� !������GG"�ASTM D3359   �� [GG7 @GG, �GG� %!�E�GG"� 

�"���	           ]GfU �G	 ���(f�i ��� @, �
!�� |L�� ���i ��F
�����    %�� @���� 4B     ���G� @, �"� %!'	         ����G	 ���(f�Gi %�G(F!
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