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Abstract 

In the present study, Fe3O4/polyaniline micro-tube nanocomposite (Fe3O4/PAn MT-NCs) was 

synthesized and used as a sensitive material for the detection of lead (II) cation to enhance the 

performance of glassy carbon electrode (GCE). The results of the scanning electron microscope 

(SEM) and X-Ray diffraction (XRD) confirmed the morphology of PAn MTs and the presence 

of Fe3O4 nanoparticles respectively. The electrochemical impedance spectroscopy (EIS) results 

showed a decrease in the electron transfer resistance in the Fe3O4/PAn MT-NCs/GCE due to the 

presence of PAn MTs. The increase in the available surface area of the Fe3O4 / PAn MT-NCs/GCE 

in comparison with bare GCE was confirmed by the increase of the capacitive properties in the 

EIS results. The improved GCE showed high selectivity, sensitivity 1.452 µA.nM-1.cm-2 to the 

detection of lead (II) cation, and a limitation of detection (LOD) 0.027 nM.  

Keywords: Lead cation, Modified electrode, Nanoparticles, Micro tube, Voltammetry, 

Fe3O4/Polyaniline 
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1 Glassy carbon electrode 
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1 Field Emission Scanning Electron Microscope 
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2 Transmission electron microscopy 
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 #/$8M��*4O3Fe/:�.��1% +,8,	)A�� TA�)1O �� (

 ���S���$�FESEM   V/��1 .#>)B ��)R +X,�c� ��8�
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4O3Fe/:�.��1% +,8,	)A�� :� <�01 ��. ;��  

  

  
B�)1- !_, :)/	�53 FESEM +,8,	)A��:� ��� 	 .��1%O: 

 #/$8M��*4O3Fe/:�.��1% +,8,	)A��. W: )/	�53 TEM 

+,8,	)A�� ���:�.��1% 	 Z: 	 Z��� 81�1 �:  �A/� 83)� ��)1� H�)�

#/$8M��* 4O3Fe/:�.��1% +,8,	)A��.  

 &'(�	 <
��*� )U�(@  .�%$� 4O3Fe  �� ��8�:,�L+* 

 $� .�)* &'(�:�.��1% +,8,	)A�� :�;���.  .�(���

h	;Q �� )5(@ )� :1$	 ;U��1 .#�� �;� ���	%  
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.h	;Q1.  /#/$8M��* �� �8Q8� )U�(@ :1$	 ;U��:�.��1% +,8,	)A�� 

4O3Fe  

TA�2)_,� O 	( +� V/��1 Y�3)3 XRDZ��� 81�1 

4O3Fe 	  #/$8M��*4O3Fe/ :� .��1%+,8,	)A��  ��

:� <�01)� .;�� +���1 	�� Z;��:/�  +* ��)�~8� 

+�N�� ���)311( ) 	511) 	 (440(  +* ;* �� {'c(�

 &Q)�1111-001-00 (#��(=�) :�;���  <�01 ��

:� V/��1 .;(��;�/\3 :� +* ;(*<8�3�* .�% ���)II(  	

)III(  �8[L �� :�L #/$8M��* 7�(� ;(/�)> ��

+,8,	)A���;/�)B T/;'3 #��(=� +� .��1% ��� .;1�  

 
B�)2- V/��1 XRD_,� ::  Z��� 81�14O3Fe  	O: #/$8M��* 

4O3Fe/:� .��1%+,8,	)A��.   

 7�1 �� :5,�`�1 �8[L ?;@ V/��1 ./� )=/� ])^ $�

;�/\3 :� +* �)t ;/��1 V/��1|��+>�K� N�� +18B �� ��

:�1 <�01.;��  

 

 

���� �! B��, CFTIR  ���	����4O3Fe/ ��������� 

��	������  

    :�(� #�U85`$�FTIR  ��)�;�/\3  �8[L

:�.��1%  #/$8M��* ��4O3Fe/:�.��1% +,8,	)A�� 

TA� .;/�)B ���S���3)O 	 _,�( +� Y�3)3 _�^

 FTIR :�.��1%  #/$8M��* 	4O3Fe/:� .��1%

+,8,	)A�� :� <�01 ��_�^ �� .;��FTIR  :� .��1%

�� �;� �;��0� N��1-cm 3434 ~8�)� B) �	H-N 

:�_�^ �� +* ;���FTIR   #/$8M��*

4O3Fe/:�.��1% +,8,	)A��  �	)B )� �	g@H-N 

:� �	)B <�83OH  OIQ $� :��1 +* O% +� ~8�)�

 Z��� 81�1 ��83 #�8^�4O3Fe  �;��0� 7�1 �� ;���

 +� ~8�)� N�� �� +* �8�1N-H .#�� ��)* :1��8M��  

  

B�)3- _�^ :FTIR _,�: :�.��1% 	 O:  #/$8M��*

4O3Fe/:�.��1% +,8,	)A��.  

Y�� �`.�� ���1-cm1700  �31-cm2800 ;�/\3 ;((* �

�8[L <	)�A,�� ��$% ���y)u  :A/)�A,� #/�;� ��

:�.��1% :�;��� ]12[ . �8[L N�� 	�1-cm 1570 

	1-cm 1297 	  +� ~8�)� N�� :>)^ $�H-N ;�/\3 

���;18�� 	 .��1% <8���7/)��� �;((* C-N-C  	C-

NH-C :��� �8Q8� N�� )=/� ])^ $� .;(���      
1-cm580 �� FTIR  #/$8M��*4O3Fe/:�.��1% 

+,8,	)A��  ;18�� H�X3�� +� ~8�)�Fe-O :�+* ;��� 

;�/\3 Z��� 81�1 �8[L �;((* 4O3Fe :�;���.  

C O Fe $�" 

69/28 83/32 48/38  %:1$	 ;U�� 
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���� ���	���� ����(�)�����! K�;��L� C

4O3Fe/��������� ��	������  

    ���>� �	)�A,� �	� )� O)� <8�3�* :/�����	)�A,�

GCE TA�)4_,�1( �� �;� ���� �8'�� �	)�A,� �

:�.��1% +,8,	)A�� TA�)4_,�2 ���� �8'�� �	)�A,� �(

 Z��� 81�1 �� �;�4O3Fe )TA�4_,�3(  	 �	)�A,�

 #/$8M��* �� �;� ���� �8'��4O3Fe/:�.��1% 

+,8,	)A��  �)����,	 H	� $� ���S��� ��+`)t��  ��8�  

TA�) #>)B��)R +X,�c�4  _,�4 .( #�,	)�A,� h82�

 O)� <8�3�* �;� �)>�� h82� �:��)� ��8�)II( )10 

:�� h82� ��83 (�d8�1/0  	 ;��� N���� �d8�

 �� Z���� �/;�pH=6  .A�� #@)� .;� +�>)B )n1 ��
1-mV. S 100  	(����  ���,	2/0-  �31-  ��)� #,	

:� <�01 V/��1 .;/�)B .��X3 ���	)�A,� ?��3 +* ;��

 �8'�� �	)�A,� �8[L �� ���* N�� +� ~8�)� <�/)Q

 #/$8M��* �� +�>�/4O3Fe/:�.��1%  )=/� +� #'�1

 �/��*� +� ~8�)� N�� .#�� +�>�/ �/�7>� ���	)�A,�

�� O)�  ���,	5/0- #/$8M��* :/���* #,	 <�/)Q

 #@)� �/�7>� T��-� �� ���* 	 �/��*� +� ~8�)�

:� <�01 .A���+* ;��  �(*�	 N/ �	)�A,� �(*�	

TA�) #�� bc� �� �;� h)�(*4 (W]22[TA� .4 Z

 )u�pH �;� �)>�� h82�  <�01 �� :0��* N�� �	� )�

:� �� +* ;��pH=6 +�:� :0��* <�/)Q )�*�;L.;��  
B�)4.  O)� <8�3�* :/�����	)�A,� ���>�)II( _,�) :�	� )�1 �	)�A,� (

GCE_,�) �2 �� �;� ���� �8'�� �	)�A,� (:�.��1% +,8,	)A�� _,�) �3 (

 Z���81�1 �� �;� ���� �8'�� �	)�A,�4O3Fe _,�) 	4�8'�� �	)�A,� (  
 #/$8M��* �� �;� ����4O3Fe/ :�.��1% +,8,	)A�� $� ���S��� ��  H	�

 �)����,	+`)t��  O)� <8�3�* �;� �)>�� h82� ��)II( )10 :�� 

 h82� ��83 (�d8�1/0  �� Z���� �/;� 	 ;��� N���� �d8�pH 6 �

�)����,	 V/��1 (O) ���+`)t�� #/$8M��* �� �;� ���� �8'�� �	)�A,� 

4O3Fe/ :�.��1% +,8,	)A��  �)>�� h82� �� .A�� #@)� �/�7>� ��

T��-� �� ���* 	 �/��*� +� ~8�)� <�/)Q �/�7>� (W) ��;�  �/�7>�

 )u� (Z) �.A�� #@)�pH .:0��* N�� �	� )�  �;� �)>�� h82�  
  
  

B�)4. 
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B�)5- #�U85` �	)�A,� :/�����	)�A,� ���GCE    :�� +�>�/ �8'��

:�(_,�) Z��� 81�1 (O) �.��1%4O3Fe  #/$8M��* (W) 	4O3Fe/ 

:� ���8�1 (Z) h��X� ��;� 	 #�/8A/�1 ������8�1 �+,8,	)A�� .��1%

 Z��� 81�1 :$�> �/	�$ )��z34O3Fe  #/$8M��* 	4O3Fe/ :� .��1%

 ������8�1 (�)	 +,8,	)A��Z  T��-� ��log f  +�>�/ �8'�� ����	)�A,�

 #�,	)�A,� h82� �� +*10  O)� <8�3�* �d8� :��(II)   �;� �)>��  

 ��pH=6 Z���� �/;�/ ;��� N���� 

#�U85` �	)�A,� :/�����	)�A,� ���GCE  �8'��

:� :�� +�>�/) .��1%TA�5 Z��� 81�1 �(_,�4O3Fe 

)TA�5 #/$8M��* 	 (O4O3Fe/:�.��1% +,8,	)A�� 

)TA�5���S��� �� (W  �1�;M�� :�(� _�^ H	� $�

TA� .#>)B ��)R +X,�c� ��8�5  #�/8A/�1 ������8�1

�� +* +�>�/ �8'�� ����	)�A,� h��X� ��;� 	  h82�

) #�,	)�A,�10 �d8� :��(  O)� <8�3�*)II(  ��

 �� �;� �)>�� h82�pH=6  Z���� �/;�/;��� N����

:� <�01 �� h��X� �����;� �� .;��1R  +� ~8�)�

	 ��8� h82� #�	�-� +* #�� :,�L �� ./� 2R  	3R 

:� :A/)�A,� #�	�-� +� ~8�)� .��1%+,8,	)A��  ��8�

+� +*<8/ �8'@ T��-� �� +* #�� :��	�-� Y�3)3 $� ��

+� ~8�)� (<8���7/�g�) �'cR #�	�-� 	 )����L�1� 

:� h�53� �	)�A,� bc� �� .��1%GCE :� ;���]23[. 

 Z���81�1 <;� +>�K� ��4O3Fe  :A/)�A,� #�	�-�

3 	 +�>�/ �/�7>�\+� <% )�u �� �
/	3R :� �;/�.�8� 

;��0�� /	�$ �� ��-��� �`� 45  ���8�1 �� +Q��

 �;(�� <�01 �;� ���� �8'�� ����	)�A,� #�/8A/�1

) j)���	 )5(@W:� (3 +* ;���\;((* ;�/�  ;(/�)> N/

+� h82� $� (��0�1�) <�8�S/�:� �	)�A,� #�� .;���

 <;� ��	7>� :>)^ $�4O3Fe  :1$�` a�8` �� ��(3 +1

	 +���� )u� ) :1$�` k81 )��z3 +� )�(�C+'� +� (:1$�` 

)Q:� ( )�(� #/��1 �� +A� ���)B h��X� ��;� )��z3 +�

:� �� $�> ���8�1 �h��X� �����;� )��� }�� ��)� .��)B

TA�) #�� �;� ���	% �1�*)> Z�)��z3 T��-�5 .(Z

�/�-�� +� �����8�1;(�� <�01 :�8`�  #�	�-� ���*

 �8[L �� ��� h�-�1� T��-� ��:�.��1%  ��8� +,8,	)A��

h	;Q) 7�1 h��X� :A/)�A,� ��;� $� TU�L V/��1 	2 (

 �� �8'�� ./�3;�/\ :�.;(* Z�)��z3Q   ~8�)� +*

+�+18B 	 bc� a�8` 8�A/ $� 	 ��8� h�X> ���

 	 ��8� P)��� T��R bc� �/�7>� )=1�01 <% �/�7>�
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 �/�7>� )=/� �8� $�C  :1$�` a�8` +� ~8�)� +*

�	)�A,� ��GCE   #/$8M��* �� +�>�/ �8'��

4O3Fe/:� �8[L )u� �� .��1%:�.��1% +,8,	)A�� 

;(�� <�01 �#���  :/�����	)�A,� a�8` �8'��

:�c��� �� .;���+ �+� 	 ��)���8��*�	)�A,� � �
/	

:��.��1% +��/�7>� +* #�� �;� +�`�(� :�8` 3\ )�u

�+ �.�(��� 	 +���� :1$�` a�8` �/�7>� �� :/�7�

#,�L <�8� ���� �� ��8� ./� 	 :0��* 	 :0/��*� ���

 <�A�� +���1 �� ����* 	 �/��*� �(*�	 ?��1�

:�+'� N/ a�8` ;1�83 .;(�� <�01 �8` $� �� <$�`

+'� N/ ?)B )� �� #�>)� �)�0�� ��;-� od8�X� <$�`

+� #'�1 :/�����	)�A,� +/d 	� <$�` :� �)�`� �;(*

�;�@ �6� �)/$ (:2c� +/d �-> +1) ��8� $� ��

:� <�01 �(*�	;�� ]23[. 3 ./�\ #'�� )�u:�.��1% 

+,8,	)A��  Z��� 81�1 �� #/$8M��*��4O3Fe  �;��0�7�1

:�.��)B TA�) ��� ������8�15� Z�)��z3 �/��1 �� (

z T��-� �� log f  �8'�� )� Y�*)3 ��7Q� $� N/)� )u�

GCE  �� :A/)�A,� #�	�-� �	�)� <% )u� 	;�/\3 

:� �8'�� ����	)�A,� :A/)�A,� #�	�-� ���* .;/��1

+�>�/ 3\� )�u+	 ��$�� �	� )� :/�7�  )=�L :/���*

.���� :/�����	)�A,�  
O�3P2. h��X� :A/)�A,� ��;� $� TU�L V/��1  

  

TA�6  V/��1	)M�% $� TU�L)S/� $� TU�L �)��� T��1

 �)����,	 �,��(DPV) :� <�01 �� Z�-�-23 ./� .;��

#/$8M��* �� �;� ���� �8'�� �	)�A,� �)A�@ �	� )� 

4O3Fe/ :�.��1% +,8,	)A�� (��� ���  :�ni5/0  �35 

$� �d8� 81�1  O)� <8�3�*(II)  �;� �)>�� h82� ��

 ��pH=6  N���� )� .;/�)B ?��1� Z���� �/;�/;���

 ��(� ��8� ��� +� 460� #ni �� h82�

TA� .#>)B ��)R �)��	)M�%6�* �` O'�, �� <8���)

�,��X� :c`) 1-.nM2-x (µA.cm 1.452-y= 

0.071+  ��0.991=2R 	  #����L1-.nM2-µA.cm 

452/1 :� 460� �� .;(* 4�603 ;L)LOD(  	 ;L

 :�*(LOQ)  ;/�)B +'��2� )/$ ���	� $� ���S��� ��

]24[.   
/ b             (1)                        LOQ= BLOD= 3S

                              / b             (2)B10S  
Zd��X� ��1  	2 BS 	b +� ]�)21� $� ;(3��'@ Y�3)3

 +* <8���)'�,�* ���8�1 Y�� 	 ;��� h82� ���;1����

 ��TA�6:� �;��0� (O:� <�01 V/��1 .��)B +* ;��

 LOD  	LOQ +� �� )��)� Y�3)3nM 027/0  	nM 

091/0 :�.;���  

 �;� ���� �8'�� �	)�A,� :��/$�� <�7�� :��)� #�Q ��

 #/$8M��* ��4O3Fe/ :�.��1% +,8,	)A�� #ni +� �

 Z	�S��5/0 �5/1 	55  O)� <8�3�* $� �d8� 81�1)II( 

+� �� �;� �)>�� h82� �� +1�B�;Q �8^pH=6  N����

 ��1% #ni 	 ;� �;1��� ��L +� Z���� �/;�/;���

 H	� $� ���S��� �� +�>�/ �8'�� �	)�A,� �� :���� ��� ���t

DPV   .#>)B ��)R :��)� ��8� <8���)'�,�* �` 	

:'�1 ���;1���� ]�)21� 	 :��/$�� ;U��(RSD)  ��

h	;Q3 h	;Q .#�� �;� ���	%3  #���R 	 #�S�*

#ni .��X3 �� �;� ���� �8'�� �	)�A,� 460� ���

:� <�01 ��#�Q .;��  �8'�� �	)�A,� ���;/�� :��)�

 O)� 4�603 ��)� +�>�/(II)  �)����,	 H	� $�

+`)tU�> �� ���  :1��$24  	48  	 #@��14  $	�

����% $� �� S��� �	)�A,� �$�� ��� <�01 V/��1 .;� ���

��� ������

/��	������ 

/GCE 

K!2R	��� 

4O3Fe 
/GCE 

��� ������

 /��	������

K!2R	���4O3Fe  

/GCE 

GCE  

2/74 7/76 8/76 9/78 )s(R1R 

(Ohm.cm2) 
310×01/1 

310×54/1 
310×49/1 610×97/1 R2 (Ohm.cm2) 

62/25 60/19 30/34 07/0 1C 

)2µF.cm( 

- 0220/0 0334/0 0080/0 °/Y1Q 
-cmn.s1-mOhm(

)2
 

- 665/0 627/0 804/0 1n 

660/1 0216/0 2960/0 - WY◦ 
2−cm1/2mSs/ 

4/249 
410×104 

310×102 
610×6/1 3R 

)2Ohm.cm( 

756/0 - - - 2C 
2µF.cm 
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<�/)Q +*  O)� :0��* N�� +� �'3)�)II( % �->8/6 

:� <�01 ���* �8'�� �	)�A,� ���;/�� +���1 ./� .;��

 �� +�>�/;�/\3 :�h	;Q .;(*4 +�/�-� $� ��(LOD)  ��*

:� <�01 �� :'R �;� H��7B �����* �� )K�L.;��  

 

  

  
B�)6-  �)����,	 �,�� T��1�)S/� $� TU�L �)��	)M�% (_,�)(DPV) 

 #/$8M��* �� �;� ���� �8'�� �	)�A,� �)A�@ �	� )�4O3Fe/ :� .��1%

 :�ni �(��� �� +,8,	)A��5/0  �35  O)� <8�3�* $� �d8� 81�1)II(  ��

 �� �;� �)>�� h82�pH=6  �` (O) .Z���� �/;�/ ;��� N����

 �� <8���)���*�,��X�  :c`  

  
  

 O�3P3 ..:��/$�� $� TU�L V/��1 

 

O�3P4+�/�-� . 4�603 ;L $� ��(LOD) �����* �� )K�L ��* 

:'R �;� H��7B. 

  

&Q)�   :c` �)��B  

(nM) 

LOD   
(nM)   

�	)�A,� k81  

]25[ 410-1/0 034/0 @PANI4O3Fe 
Nanocomposite 

]26[ 10-3000 1 / 3O2/Bi4O3Fe
4N3C  

 
]27[ 724-48/0 14/0 @PDA@M4O3Fe

2nO 

]28[ 40-12/0  1/0  like -Shuttle
NPs/GCE 3O2Fe  

]29[ 1-30  1  Nafion, carbon 
nanotubes / 
benzo-18-crown-
6 /GCE  

]30[ 10-50  045/0  /PPy 4O3Fe
NBs/Gc  

]31[ 5-500  2  Poly(Phenol/red/ 
GCE  

]32[ 15-8000  1  Carbon  
Nanotubes 
/Ionophore/ GCE  

]33[ 

  

810-10 

  

776  selective  2+Pb
electrodes based 
on PAAQ 
Microparticles  

]34[ 100-50000 55 PPy NPs 

] 35[ 240-8/4 24/0 PVA/chitosan-
TRG/GCE 

 ��*

)K�L  

5-5/0 

  

0273/0   #/$8M��*

4O3Fe/:�.��1% 

+,8,	)A��/GCE 

  3 2 1 �/��$% ����� 

65/97  63/101  01/98 :��/$�� ;U�� 

77/2  94/1  88/2  RSD (N=4) 

88/4  52/1  49/0  �� �;� .��X3 #ci

+�>�/ �8'�� �	)�A,� 

5 5/1  5/0  +�>)B )n1 �� #ni

�;� 
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O�3P5. T�23 T��R #ni #'�1 )�*�;L 

 

:� <�01 V/��1 ;�� +*h�� �� �;� Hg3 )�`� ��� ��

$� ���S��� PAn 	 4N3C 	 2MnO  :/���* )�*�;L +�

)K�L ��* �� .#>�/ #���  $� ���S���+,8,	)A�� ���
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