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Abstract 
 This thesis aims to study an electrochemical Impedance Spectroscopy (EIS) 
technique was used to measure electrical properties of membranes as a function of frequency. A 
small signal of AC potential was applied to a charged membrane with amplitude of 2 V over a 
range of 100-300 kHz frequency. The membrane made from 400K MW chitosan with 78% DDA 
and was modified by Ar-ion beams with energy of 120 keV. The properties were compared 
among chitosan in various KCl concentrations, ranging from 0.1- 10 mM. In addition, 
perfluorosulfonic acid (PFSA) membranes were modified by atmospheric plasma discharge at 
power of plasma form PDM 1, 5 and 10W ware measured of changing in electrical properties and 
compared the control membrane (0w). The properties were compared among perfluorosulfonic 
acid (PFSA) membranes in KCl concentrations. Moreover, this thesis aims to study influence of 
adjusting positions of electrode in electrochemical impedance spectroscopy (EIS) technique by 
distances between electrode and membrane were 1 cm, 0.5 cm and closer membrane (0cm).  
 The results showed that the impedance of modified membrane and the control 
were 2.44 and 3.68, respectively. The conductance and capacitance of the modified membrane 
were greater than that of the control membrane. In addition, the result of EIS technique was 
according from dielectric constants, diffusion potential and ATR FT-IR spectra that chitosan 
membranes are modified argon beams of 120 keV reduced the molecular weight of chitosan and 
positive charges brought by Ar+ ions accumulated on membrane, resulting in a greater 
permeation of charge driven through the polymer chains of chitosan. Results from the modified 
membrane were also compared with those obtained from Nafion - a commercial cation exchange 
membrane. It was found that Nafion membrane possessed greater conductance and capacitance by 
26%, in every electrolyte tested and vice versa was the case for membrane impedance. Moreover, 
The results showed that the impedance of modified membrane at power of plasma 1, 5, 10W and 
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the control membrane were 9.76, 7.30, 8.04 and 11.45, respectively. Ionic conductivity and 
Capacitance values of PFSA membranes were modified by atmospheric plasma discharge at 
power of plasma 5W greater than PFSA membranes 10W about 10%, 1W about 25% and controls 
(0W) about 36%, respectively. In addition, the result of EIS technique was according from 
diffusion potential, dielectric constants and ATRfFTIR spectra in changing of membrane-
structure has been affected the increasing of hydroxyl and carboxyl groups accumulated on 
modified PFSA membranes. Therefore, ionic diffusion rate through the membrane after modified 
by atmospheric plasma was greater than the control membrane. In additions, The results showed 
that the impedance obtained from adjusting positions between electrode and membrane at 1 cm, 
0.5 cm and closer membrane (0cm) was 17.2, 9.35 and 1.3 kΩ, respectively, in 0.1 mM salt 
concentration. When the salt concentration was reduced by tenfold to 0.01 mM, the measured 
value for the former and the latter was 30.1, 16.61 and 4.5 kΩ, respectively and deceasing of 
impedance were 1.58 kΩ/mm in KCl 0.1mM and 2.56 kΩ/mm in KCl 0.01mM, respectively. At 
positions of electrode closer membrane, the conductance and capacitance of membranes were also 
greater than distance between electrode and membrane at 1 cm by 90 % approximately. 
Moreover, the membranes exhibited much greater diffusion potential and ionic permeability ratios 
at positions of electrode closer membrane. 
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1.1 ����	�������� 

�������	
���������
	�����	����	�
�����������	���������������	����
�	
������	� �	����������  ��!"�"� �� ����	�
#������$���%������&	!�'��
	�����	����	�
���
��������	�������������( ���)	�
	�����	����	�
��� � ����	��	�	�*�&	+��,)��

���$�
	�� 
��	�- �,��� ����	���
����� ������*.
�,)��
���$�
	�
	�� 
����&	!�'���
��� 
$�	�/��#
"��+��+�0/�[Baker, 2004] ���)	�
	�����	�����	������ �	�	�*�&	+��,)��

	��&	�0��<�,�(����/� �����!"�"� �� ����	� ����/�=/>	�?��� ����	�����,)+�) ��+����#���� ��?)��&	
��
��	 � �	�����	������'�	�������	!	�)$ ����@����
��	$�%���������	?���'�	�����$?)�?��
�	�$/�� ���������	� ����	� $/�!�	��<$/�	�A<@�?��
	�����	$�	���� ������&	��)� ����	���
����/�=/>	���?%(��������� �)$ ������(��	��	���+��������%�*.
�,)��������� ����	�
��
����� �������������/������/�=/>	�
	��,)�	���)�.�?%(� [Charles ��� !A�,2007]>	 ��)
������+?������	���?��
	���������@/$��(���������&	+��,)��
���$�
	�
	�@�/������/��
����/�=/>	�?��� ����	�����	!� [�,�� � ����	��&	����+�"�����!����<� ����	���
����� ���������
�,)���0��<�,�(����/����
���$�
	��/��#
"��+��+�0/� G�G] 

���	�$/�� ��(+�)�,)� ����	���
����� ���������,�/�"� ��� ����	�+!"�0	����
� ����	�����<H�.��"�0��"H�/
��0/��������� ����	��	�
	�!)	�	������������/�=/>	�
	��,)�	�
[Matsuoka ��� !A�, 2008]�&	����� ����	�+!"�0	��������	
�������N+� ��$��*��/��&	����
@�/�+!"�0	�!�������

�)����
������.�&	�$��	
�	
$����������/(�������	�
����	�	�����
������	
������	!	*.
 +!"�0	��	�	�*���	 +�)��
���/���� <�&	��)?%(��.������ ����	�+�)��	  
��
�	
��(+!"�0	� �������	������!$	��?)	
��+�)�	�,�$>	��.���� �� ��	 +�)�	�=���,	�/���
� ����	�+!"�0	� ����!�A�����/����� ����	���
����� �������)$ [Wan ��� !A�, 2003] �&	����
� ����	�����<H�.��"�0��"H�/
��0/��������� ����	��	�
	�!)	����� ����	����������/�=/>	��.����
���
���)$ ������=<��( �R	�?��"��/ ����<���
?��  Sulfonatedtetrafluoroethylene���� 
Perfluorosulfonic acid (PFSA)[Lue��� !A�, 2007] 0%��� ����	�,�/���(��*.
�&	�	���� ���� �
����/�=/>	�
	��,)�	�
��� ����	�+!"�0	�������� �?%(� ��
�	
��(�������/������/�=/>	�
	��,)
�	�?��� ����	���(����
	��	��)$ ��	��	���+��������%�*.
����
�	�,)�	�"� 
	���������
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@/$�)$ ��	��	���+�����������
	���/�� 
	��
	��/� ���������.�H�
<,���
��_�?��������=<"��/
����<���@/$?��$��*����+�)���
	��������� [Ru��� Jie-rong, 2006]�)$ ������(�%����@����������=<?��
"��/����<��/�$A@/$?��� ����	��
/�
	������ ���������&	��)!�A�����/�	�He�/
�<?��@/$� ����	�
����� �+��)$ �,��!�A�����/�	�+HHf	 G�G [Kim��� !A�, 2006] 0%��
	������ �������(�	��&	��)
����/�=/>	�?��� ����	���/��?%(���������
#+�)  

���	�$/�� ��(����
	�N%
i	���$/�!�	��<@��	
 � ����	�����<H�.��"�0��"H�/

��0/����*.
��������@/$�)$ ��	��	���!$	������� 	
	N��� � ����	�+!"�0	����*.
���������)$ 
+�������"� 
	�N%
i	!�A��
iA��,/�+HHf	0%���,)��!�/!�/��/���0<���
"���"!�j���N�
 <
	�
����?��� ����	������$/�!�	��<����/�=/>	�������� ���� � ��
�	
��(�+�)�,)��!�/! Fourier 
Transform Infrared Spectroscopy (FT-IR) ��� ��!�/!Dielectric Constant��
	�N%
i	$/�!�	��<
!$	������ �����?��!�A�����/�>	���(�@/$���+HHf	���� ���� �
����������
	����������)$ 
��	��	���+��������&	����� ����	�����<H�.��"�0��"H�/
��0/���� � ����	�+!"�0	� 

[Bae��� !A�, 2006]��� �������)$ ��!�/!�/��/���0<���
"��"!�j������!�/!
����	�	�*$/�!�	��< 
	��
/���	
o
	�A<�	�
	 >	����+HHf	��� ����	�Coster��� !A� (1996) 

��	$$�	������ ����	���
����� ������� .����	����	 �/��!"�+��<"� �	�	�*��������&	���
$����	�+HHf	?��� ����	���
����� ���������� .����	����	 �/��!"�+��<"� ������$�	����$�
#�
�����+HHf	���?�	�
��!$	��&	�����+HHf	����!$	��)	��	������+HHf	?��� ����	�������
���
��!$	��&	�����+HHf	����!$	��)	��	������+HHf	?���	����	 �/��!"�+��<  �)$ ����@�
���
��	$�&	�����
	�$	�?�($+HHf	��
	�$��?����!�/!�/��/���0<���
"��"!�j��%���	����@�
!$	��)	��	������+HHf	���!�	�/��/���0<?���	����	 �/��!"�+��<�����@����!�	���$��+�)?��
!�A�����/?��� ����	� [Wanichapichart���!A�, 2007] ���	�$/�� ��(�%�+�)N%
i	@�?���&	�����

	�$	�?�($+HHf	��
	�$��?����!�/!�/��/���0<���
"��"!�j�)$  
 

1.2 �	��������	� 

 Canas���Benavente (2002)+�)N%
i	!�	�/��/���0<?��� ����	� PES-10 "� �,)
impedwnce analyzer (solartron 1260) !$	�*������&	
	�N%
i	� .���,�$� 10-106Hz !$	���	�N�
 <
�.�������	
�� 0.01 V "� ��)� ����	�� .����	����	 "0��� �!��+��<���"�����0� �!��+��<
!$	��?)�?)�,�$� 10-3-5 × 10-2M���!$	��?)�?)�?���	����	 ����)	�?��� ����	����	
�� ��$�	
���!$	��?)�?)�?���	����	 ��(����,�/����	
�� 10-3M�����!$	�*������,)��
	�$/�!�	��<��/��?%(�
!�	�/��/���0<?��� ����	���!�	��/��?%(����!�	�/��/���0<?��� ����	������� .����	����	 "0��� �
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!��+��<��!�	�.�
$�	������ ����	�� .����	����	 "�����0� �!��+��< �����!$	��?)�?)�?��
�	����	 ����)	�?��� ����	���/��?%(�!$	��)	��	�?��� ����	���!�	�����������	
�>	��&	+HHf	
?���	����	 ��/��?%(� ���� ����	�������.��!�	!$	��)	��	�+HHf	�.�
$�	� ����	�������� 

Alkan ��� !A�(2008)+�)N%
i	�
�� $
��
	���������� ����	���
����� ��������
�)$ ��	��	���@����
	�� 
+����?�� Fluoride "� ����	?���	�$/�� ��(�	�	
 Fluoride�����
�����!$	��?)�?)�����	

$�	 1.5 mg/L ���&	��)�
/�@�
�������
���.
���H� ����+�)���
+��� �< ������ ����%������/���&	����������)���&	 Fluoride +���� ��
�	
�(&	���� @����+�)������)
��#�$�	
	�?����?�� Fluoride +���������/��?%(��������/��!$	��?)�?)�?�� Fluoride ���)	��	��f��
��!$	��?)�?)�����	��(
	��&	 Fluoride +������
@�	�� ����	����*.
���������)$ ��	��	����!�	
�.�
$�	� ����	����+��*.
��������
	����������)$ ��	��	�&	��)+���������� �"!����)	�?��� ���
�	� ��� �� ��$�	��(�@/$���,���(&	����/������/�=/>	�"� H��
0<?�� Fluoride���*.
������ 
391.00x10-11mol cm-2 s-1�&	����� ����	����*.
���������)$ ��	��	 ���	����
��?)	�"� H��
0<
?�� Fluoride���*.
������ 309.97x10-11mol cm-2 s-1�&	����� ����	����+��*.
���������)$ ��	��	

	����������)$ +�"�������	��	��+���/�� Surface wettability ��� !$	�,���(&	?��� ����	�
�����(�$/=�
	����������)$ ��	��	�%�����$/=����������/�=/>	��	

$�	$/=�����-�������+�)$�	!�	H
��
0<(J) ��� recovery factor (RF) �&	���� AFX anion-exchange membranes ���*.
���������)$ 
��	��	����!�	�.�
$�	� ����	����+��+�)*.
�������� �/����(�	�	�*�=/�	 +�)$�	��
	������ �����?�� 
wettability ��� "!����)	���� ����	����*.
���������)$ +�"�������	��	���"!����)	���(�@/$
?��?��� ����	����*.
���������)$ ��	��	���+��*.
��
	������ ������������	
+����?��
��	��	 

Wanichapichart��� Yu (2007) +�)N%
i	
	������ �����?��!�A�����/
	�*�	 
"��������)$ ��!�/!�/��/���0<���
"���"!�j���N�
 <
	�����?��� ����	�+!0	������������
�)$ +�"�����+�����������������	���,�$� 15-30 
/"��/��#!����"$��< �����!$	��?)�?)�?��
+����� .���,�$� 1.5×1014*%� 3.0×1014 ions/cm2@����+�)������)��#�$�	!�	�/��/���0<��!�	����
�&	����� ����	�+!0	�������������)$ +�"�����+����������@����!�	!$	��&	�����+HHf	���!�	

	��
#������+HHf	�����!�	�.�?%(��)$ �������� �
��� ����	�+!"�0	�,��!$�!�� ��
�	
��(�����!$	�
�?)�?)�?���
����.�?%(����@����!�	�/��/���0<�����!�	����0%���&	��)!�	!$	��&	�����+HHf	���!�	

	��
#������+HHf	�����!�	�.�?%(��)$ �,��
�� 0%��@�?���/��/���0<+�)���!�)��
������	��$��>	�

	�0	�0%�?��+�����	
N�
 <
	�����$�	� ����	�+!0	�������������)$ +�"�����+���������
����	��$��>	�
	�0	�0%�?��+�����	

$�	,��!$�!��*%� 3 ���	  
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Bae�� �  !A� (2006)+ �) N% 
 i 	 � 
��  $ 
� �  !� A���� �/ ��( � @/ $ ?� � �  �� � � 	 �
Perfluorosulfonic Acid (Nafion)���*.
���������)$ �	�<
����	��	 "� ����	?���	�$/�� ��(+�)�=/
 	 $�	� ����	�Perfluorosulfonic acid (PFSA) ��������������,)�	
��
	��&	����� ����	���
����� �
"�����0%���,)���0��<�,�(����/� ������'�	��	 � �	��
�� $
��� ����	��&	��)
	��,)�	���
����/�=/>	������&	 �&	�)����
	���/������/�=/>	�� ����	�
	����������)$ ��	��	�%���)	�������
����/������/�=/>	�� ����	�"� 
	����������)$ ��	��	���&	��)�
/�
	������ �����?��
"!����)	���(�@/$���!�A�����/�	��!��He�/
�<?��� ����	���� !�A�����/
	�?�*�	 �����0%��
Nafion���*.
���������)$ ��	��	���
&	���?���	�<
����	��	 5$���<, 10 $���<, 50 $���<��� 200 
$���<*.
$/�!�	��<
	������ �����?��"!����)	���(�@/$!�A�����/�	��!��He�/
�<?��� ����	���� 
!�A�����/
	�?�*�	 �������
	���������,)� ����	�Nafion�����"!����)	��	��!������.� 1.1 

 
 

 
 

������ 1.1"!����)	��	��!��?��� ����	�Perfluorosulfonic acid (PFSA) [Bae, (2006)] 
 

@����+�)��$�	+����
	������ ��������
&	���?����	��	��&	-��� 5$���< ��� 10 $���<��$����50 $���<?%(�
+���(�@/$��/����!$	�?��?����/���	
?%(�"� $��!$	�?��?��+�)���� 2.842, 6.048, ��� 14.23 nm 
�&	���� Nafion=����	, � ����	����*�
���������)$ 
&	�����	��	 50 $���< ��� � ����	����*�
��������
�)$ 
&	�����	��	 200 $���<�	��&	���"� ��� contact angle �����������/��
	����������)$ ��	��	 
�/����(������)��#�$�	� ����	����*.
���������)$ ��	��	��,���(&	
$�	� ����	����+��*.
���������)$ 
��	��	 � �	�+�
#�	���� Contact time ���	
�� 25 contact angle ��/��?%(��������/��
	����������)$ 
��	��	 �	

	��������(�=/�	 +�)$�	����� Ar��	��	+�)������������(�@/$� ����	����&	��)"0�
?��"�������<*.
�&	�	 ����&	��)�
/���.����,���(&	����?%(��	�,�� peroxide0%��*.
��)	�����/�$A 
fluorocarbon ��� ����	���$�@�?�� ATR-FTIR spectra ?��� ����	����*.
���������)$ ��	��	
������)��#�$�	��
	�����?��!$	��?)�?�� sulfonic acid group �������/��
&	���?����	��	���
�$�	 !$	�+�����	�����? 	 ��
+�?�� sulfonic acid group�
/�?%(���� 1220 cm-1.�/����(,�(��)��#�$�	��

	�����?�� sulfonic acid group "� 
	����������)$ ��	��	 ��@��	
�	 �	�?���&	�����?��
��''	A����$�������	�����? 	 ���
?��sulfonic acid group ��� 1050 cm-1���+�)*.
����� ����� 
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� �	�+�
#�	�
	����������)$ ��	��	
#+���	�	�*�&	��)�o/
/�/ 	���$�	� sulfonic acid groups 
���"0�"��/����<?)	��!� ����� functional groups ����-����� �+��	
 @�!�A�����/
	�?�*�	 �����
?��� ����	�������������)$ ��	��	������)��#�*%�methanol permeability ��� proton 
conductivity �����������/���$�	���
&	���?����	��	 ������ ����	�+�)���
	����������)$ ��	��	
�����	��	
&	�����&	- (5���10$���<) ����$�	�)� 
$�	 150 $/�	�� proton conductivity ��� methanol 
permeability ��!�� -��/��?%(��������	
>	 ��)������+?�����	��	�����!$	��?)��)�  oxygen groups 
�	����?)	+��$� ����(�@/$� ����	������	N�	

	� reduction ?����
0/�������$����������� 
sulfonic acid groups �/����(����
	������ �����0%�����������	�*�	����(�@/$�,/��!�� ��
��$���%��
�	����)����������
	�,���(&	����� proton conductivity ��� methanol permeability � �	�+�
#�	�

	����������)$ ��	��	
&	����.���@����� �� �	��	
?��!�A�����/
	�?�*�	  ��!$	�����+�+�)
?��
	���������	
��($�	����$��������� sulfonic acid groups ��� ��	������+�+�)$�	�
/�
	� cross-
linking ���$�	�"0�"��/����<����(�@/$� ����	� �%��&	��)��
	���/��!$	��)	��	�?��
	�?�*�	 �$�
�	�(�,�� proton ���� methanol)����!��������@�	���(�@/$?��� ����	� 

Wan ���!A� (2003)+�)N%
i	�
�� $
�� !$	��&	�����+HHf	?��� ����	�+!"�0	� 
"� �,)��!�/!�/��#
"���!���!/��/��/���0<���
"��"!�j��
	�$/�!�	��< "� �	�$/�� ��(+�)�=/�	 
$�	 +!"�0	�
#!������?�� N-deacetylated ����.���� 1.2 !��"!����)	�"���
��?��+!�/����+!"�
0	� 

 

 

 
 

������ 1.2"!����)	�"���
��?��+!�/����+!"�0	�[Wan, (2003)] 
 

���	�$/�� ��(�	 �	�@��	
!�	!$	��&	�����+HHf	>	 ��?��� ����	����,����(&	���!$	�������=<?�� 
DDA,MW ��� �����/�	�He�/
�< ?��� ����	� "� !�	!$	��&	�����+HHf	>	 ��?��� ����	�+!"�
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0	����,����(&	*.
��$�����)$ 
	��,)��!�/!�/��#
"���!���!/��/��/���0<���
"��"!�j !�	!$	��&	
�����+HHf	>	 ��
	�N%
i	!��(���(��N%
i	*%�����������
��	�?��
	�����?����.� Acetyl���
!$	���
��	�?���(&	���
"���
�� (MW) *%���)$�	�����/�	�He�/
�<� �	��,��
	��
@�%
 ����	
	�
�$��(&	 tensile strength ��� elongation ������H�
<,���?������������
��	�?��
	�����?����.� 
AcetylDDA��� MW ?��+!"�0	���
	��������(+�)�,)� ����	�+!"�0	����*.
� 
�	
 MW ���� 
Ch-I (highMW), Ch-II (medium MW) ��� Ch-III (low MW) ��$�Deacetylation������������/����.� 
amine ?�� +!"�0	� ����)����/��
	�����?����.� Acetyl ��
��%��$/=�����&	��)��
	�����?����.� 
Acetyl �.� !��alkalinetreatment �� Ch-I, Ch-II ���Ch-III �	
��(��������	����	  50%NaOH1
,� �� 100 ��N	 �����	
��(��)	�0(&	-����&	��)��)���"� ��$� �	�?��+!"�0	���*.
����?��
��.� Acetyl ��� 80 *%� 96% �?� �����)$ Ch-H, Ch-M ���Ch-L ��� @����+�)������)��#�$�	!$	�
�& 	 � � � �� + HHf 	 > 	  � � ? � � �  �� � � 	 � + ! " �0 	 ���� ,�� � �(& 	 *. 
 � � $ � � ���) $  
 	 � � ,) 
Impedancespectroscopy ���*.
��$�	!�	!$	��&	�����+HHf	>	 ��?��� ����	�+!"�0	���!�	�.�*%�
10-4 S cm-1�����	
�&	��),����(&	 1,� 0%���	

$�	!$	��&	�����+HHf	>	 ��?��� ����	�+!"�0	�
+��*.
�&	��),����(&	�	
���!�	!$	��&	�����+HHf	����/��?%(���#
�)� ������� DDA ?��+!"�0	� 
(Ch-L) ��$� MW?��+!"�0	�����.�(Ch-I , highMW) ���&	��) !�	!$	��&	�����+HHf	�.��)$  �)$ 
!�	!$	��&	�����+HHf	?��� ����	�+!"�0	���(�	��&	�	�,)���� ����	��� alkaline 
polymerelectrolyte fuel cell 0%������(����� ����	����?���� hydroxide ion �,����� $
��� ����	�+!"�
0	� 

Beattie ��� !A�(2001)+�)N%
i	�
�� $
��
	��,)��!�/!�/��#
"���!���!/��/��/
���0<���
"��"!�j$��!$	��&	�����+HHf	?��� ����	���
����� �"���������	?���	�$/�� 
�������	
� ����	���
����� �"�����������$�����&	!�'��
	����
���0��<�,�(����/� ��(���(�*)	��
!$	��&	�����+HHf	����� 
#�&	��) 
���$�
	�����,)���" ,�<+�)������/�=/>	��	
?%(� "� � ���
�	���
����� �"��������������� ��������)	�
	��&	�����+HHf	�����!�� Nafion����� ����	�
perfluorosulfonateionomer ���Nafion�	!	!���?)	���� � ����	��	�����
�%������/�������	�������
�&	�	�&	�0��<�,�(����/� "� � ����	��	�����
��(�$�*%� (BAM®) �)$  "� ��� (BAM®)��!<���
��
��( �R 	� ��� �  sulfonatedabb-trifluorostyrene-co-substituted-abbtrifluorostyrenes ���  DAIS®��
��!<���
����(�R	����� sulfonated styrene�(ethylene�butylene)�styrenetriblock copolymers 
"� � ����	���(������*.
��� ��	
��$���?���$�"���
�� ����	
��$���"� !$�!���)$ �����
?�� sulfonation ���������!<���
��?��"�������<"� !�	!$	��&	�����+HHf	?��� ����	� BAM® 
��� DAIS® ��*.
���� ���� �
��?)��.����+�)�	
�)���o/���/
	�?�� (ETFE-g-PSSA)� ����	�
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(ETFE-g-PSSA)� ����	�*.
���� �"�  Lovell ��� !A���� Cranfield University, UK,"�  post-
irradiationgrafting of styrene���� ETFE"� ��
iA�"!����)	�?��� ����	���(� 4 ,�/�+�)*.
����
���.���� 1.3 ���N%
i	�>	�
	��&	�����+HHf	�$
?��� ����	�����	��("� 
	�$��
	��&	�����
+HHf	�	
��!�/!�/��#
"���!���!/��/��/���0<���
"��"!�j 

 

 
������ 1.3"!����)	��	��!��?��� ����	�"��/����< (a) BAM®; (b) DAIS; (c) ETFE-g-PSSA ��� (d) 

Nafion® [Beattie, 2001] 
 

@����+�)������)��#�$�	!�	!$	��&	�����+HHf	?��� ����	�BAM® DAIS®ETFE-g-PSSA ��� 
Nafion*.
������)��#�$�	 (ETFE-g-PSSA) ��!�	!$	��&	�����+HHf	�.����������>	$����� ����	�+��
,���(&	 ��� DAIS® ��!�	!$	��&	�����+HHf	�)� ������"� @�?�� H2O:SO3 +�����@����!�	!$	�
�&	+HHf	��� DAIS® ��$� BAM® ,�(��)��#�$�	� ����	�,������(&	�	
?%(�!�	!$	��&	�����+HHf	��
���� ���Nafion E ��!�	!$	��&	�����+HHf	�
�)�!� �
��
�� BAM®��� EW 455 0%���.�
$�	Nafion N 
��� ����$�	� ����	����+��,���(&	���&	��)!�	!$	��&	�����+HHf	������������,����� $
��
	���/��?�� 
EW ��� H+ 
 Shi ��� !A� (2006)+�)N%
i	
	��,)�	�<
����	��	����� �����@/$?�� 
polyethylene (PE) ���
�A<
&	��/���	��	�,)?�($�/��#
"������>	 �� (inner-capacity) 
	�
�/�,	�<��,)!$	�*�� 13.56 MHz "� �,)
_	0�	�<
��!$	���� 25-30 Pa ��$�	����	
	��.'��� 
�(&	���
?�� PE ��/��?%(��	�
	���/��?���$�	����	��	�<
����	��	 "� ������	
	��.'��� �(&	���

�.��������$�	 70-120 $/�	����)$!�� -������
������!����������$�	�	���	��	�	�
$�	 120 $/�	�� 
�������	
	��.'��� �(&	���
��/��?%(��	�
	���/��?�������	�����,)�)$ ����������	��.�
$�	 62 W
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����	��	
	��.'��� �(&	���
������� �	��$���#$��
�	
��(�	

	�$/�!�	��<"� �,) ATR-FTIR 
��$�	 polyethylene (PE)����	�<
����	��	 ���
/�"!����)	�@/$���� 
 Ru��� Jie-rong (2006) +�)N%
i	
	������ �����@/$?�� poly(vinyl chloride) 
(PVC) ����,)�	�
	���� <�)$ �	�<
����	��	�� �+
� (Remote plasma !��
	�$	���$� �	���	�
�	
��/�$A����
/���	��	����� ���	�-) ����	�<
����	��	"� ��� (direct plasma !��
	�$	�
��$� �	�����/�$A����
/���	��	) "� �,)�	�<
�������!$	���/���=/� 99.99 % 
	�
&	��/���	��	�&	
���!$	�*��$/� � �����	�,�$� 30-180 W ����	
	���	 �	�<
�����	
�� 20 cm3/min ���,�$��$�	��
	�
�	���	��	?��He�<����	
�� 0.5-3.5 �	��N%
i	��
iA�"!����)	�@/$?�� PVC "� �,)
	�$�����
���@�� X-ray photoelectron spectroscopy (XPS) ��� Scanning electron microscopy (SEM) ��$�	
!$	�,���(&	?��He�<� PVC ��/��?%(������	
�	��	�<
����	��	�� �+
������/��?%(��	

$�	

	��,)�	�<
����	��	"� ��� ��
�	
��(��	�<
����	��	�� �+
�+����)	��� !$	���� �	 
��@/$?��He�<� PVC ?A�����	�<
����	��	"� ����/(������� !$	���� �	 ��@/$He�<��.� 
!$	�,���(&	?��He�<�?%(�
���&	�����?����$� �	� �����	�����,) ����$�	�	���	��	
	�
����� �����@/$"� �,)�	�<
����	��	�&	��)�����!��+��<������
�	
He�<� PVC "� ��
����	��$�?������� Cl/C ���	
�� 0.01 ��� 0.03 �	��&	��� ����!���	�<
����	��	�� �+
���
����/�=/>	���
	������ �@/$He�<� PVC �	

$�	�	�<
����	��	"� ��� ��
�	
��(�	�<
��
��	��	 ���&	��)�
/���.���
0/�����@/$He�<� "� ��.���
0/�����$���'�!�� C-O 
	������ �����
?��@/$����
/�?%(������" ,�<��
	����� ��/������/iR<�	�
	���� <�����!$	��	�	�*��
	��?)	
��
+�)�	�,�$>	�
�����(�� �����,�$/� 

Kim��� !A� (2006)+�)N%
i	
	��,)��
0/�����	��	�&	������������� �
!�A�����/!$	�+��,���(&	?��� ����	�polysulfone ��)����!�A�����/!$	�,���(&	?��� ����	�@����
+�)������)��#�$�	!�	 Contract Angle ?���(&	�����������/���$�	
	��&	����)$ ��
0/�����	��	
?��� ����	�polysulfone����/����$��� 20s ?���$�	��
	��&	����)$ ��
0/�����	��	 "� 
Functional groups *.
��/���?)	�	"� 
	��&	����)$ ��
0/�����	��	 0%�������+�)�	

	��,)X-
ray photoelectron spectroscopy (XPS) ��� zeta potential ?��
	��&	����)$ ��
0/�����	��	
?��� ����	�polysulfone *.
$���)$  electrophoretic light scattering (ELS) spectrometer"�  ����	
?�� O/C ��/��?%(��	
 33% ���� 50% ��� isoelectricpoint (IEP) ?��@/$� ����	��	
!�	 PH 3���� PH 
4.5 �&	���� ��
0/�����	��	����,)�&	���� ����	�polysulfone ����	
	�+��?���(&	��/���=/������
�	����	 ����	�/���/��?%(���,�$� PH ��(���� � ����	����*.
�&	����)$ ��	��	������)��#�$�	��
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!$	���
��
�)� �����@/$� ����	� 
�+
?��
	���
	��
��
���*.
����������)��!$	����	�
?��� ����	���(��	�	

	��,)��
0/�����	��	�&	���polysulfone� ����	��	����N%
i	 

Hakenjos��� !A� (2006)+�)N%
i	�
�� $
�� 
	��,)��!�/!�/��#
"���!���!/��/��/
���0<���
"��"!�j$��!�	�/��/���0<���!������)��-
��?���0��<��� $�����!?�� PEM fuel 
cell �������	

	�$���$���(� ���! ��+��+�)���?)��.��
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2.1  

       

    

         Hollow fiber 
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2.1.1 Isotropic Membranes  

   3   

 

 2.1.1.1 Microporous Membranes 

    

    0.01  10     

    

  

 2.1.1.2 Noporous Dense Membranes    

    



  2         

     pervaporation membrane 

 2.1.1.3 Electrically Charge Membranes

    

   Anion Exchange Membranes 

    Cation Exchange Membrane 

  

    

  (Nafion)

 Sulfonatedtetrafluoroethylene  Perfluorosulfonic acid (PFSA)  2.1

 

 2.2  

   

 

 

 
 

 2.1 Perfluorosulfonic acid (PFSA) [Bae, (2006)] 

 

 
 

 2.2 [Wan, (2003)] 

2.1.2 Anisotropic Membranes 
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   Anisotropic 

   (Thin Film 

Composite, TFC)  

   

 

 
 

 2.3  (Baker, 2004) 

 

2.1.3 Ceramic Metal and liquid Membranes 

  

           

    

        

   

(Liquid Membranes)  

 



2.2  (Surface modification with plasmas) 
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 2 

 Non-Thermal  Glow Plssama  Thermal plasma  

2.2.1 Non-Thermal  Glow Plasmas 

 Non-Thermal  Glow Plasmas

  Non-Thermal  Glow Plasmas  2 

  Low pressure glow plasmas  Atmospheric pressure glow plasmas  Glow Plasmas

    

2.2.2 Thermal plasma 

Thermal plasma 

  Thermal plasma  

 Atmospheric pressure glow 

plasmas  

 

 

2.3  (Corona discharge)   (High 

frequency discharge) 

 

   

  



  (positive point)   

 1 mA  

 avalanche   30 kV cm-1 

 

  

    

 3     

 

[Conrads 

 Schmidt, 2000]  2.4  2.5 

 

 
 

 2.4Discharge regions of a DC glow discharge 

 

 
 

 2.5Direct AC High Voltage connection to parallel plate reactor with unequal electrodes 

  

  

 



 -  

 

 -   

 -  (ion implantation) 

 

 -

 (lattice defect) 

 - 

 (sputtering) 

 

2.4  (Electrical impedance spectroscopy 

(EIS)) 

 

   

   

 [Park  , 2006] 
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2.4.2.1  Randle Cell 
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2.4.2.2  Randle Cell  Warburg Impedance 
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2.5  

[Alcaraz , 1998] 

  

 Coster   (1996) 

  

 

 

 
 2.8 Maxwell Wagner

[Coster, 1996] 
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 2.9[Puthai  , 2005] 

 
 2.9  (Effective value) 

 

 (Effective Value) 

 (Z)  (Geff) (  

,Reff  Geff=1/Reff )   (Ceff)  

(Z) [Chilcott  , 2002] 

 

effeff CjG
Z

ω+
=

1
 (14) 

 

 (Complexconjugate)  

 

effeff

effeff

effeff

effeff

effeff CG

CjG

CjG

CjG
x

CjG
Z

222

1

ω
ω

ω
ω

ω +

−
=

−

−

+
=  

 
(15) 

 

 



effeff

eff

effeff

eff

CG

C
j

CG

G
Z

222222 ω
ω

ω +
−

+
=  

 
(16) 

 (16)  

 

 

effeff

eff

CG

G
Z

222

'

ω+
=  (17) 

 

 

 

effeff

eff

CG

C
jZ

222

"

ω
ω
+

−
=  (18) 

 

 (17)  (18)  Nyquist Plot 

   Ceff  Geff  

 

  R (12k Ω) 

 

 VR  Vm  VR  Vm  Ceff  Geff  

2.10 

 

 
 2.10  



 (Z) 

 (Geff)   (Ceff)  

 

 
 2.11  2.10 

 

 Z Geff  Ceff  

 

R

V
I R

R =  (19) 

 

R

m

R

m

V

RV

I

V
Z ==  (20) 

  

Z
Geff

φ∆
=

cos  (21) 

 

Z
Ceff ω

φ∆
=

sin
 (22) 

 

  R   

RI   

RV   

mV   

ω   

φ∆  RV mV  



2.6 (Membrane Diffusion Potentials) 

 (Membrane)   

  

 

 

 

 

 (Gradient, XY ∆∆ / ) 

   

(Concentration gradient)  2.10 

2.6.1  

 

  

 (  Thermal energy ) 

  

2.6.2  

 2   

-  

 (Dialysis)  

  

 (Reverse Osmosis) 

-    

  

   

  (Electrochemical gradient, X∆∆ /µ ) 

 

 ( )  mole.m-

2.s-1 

 (  ) 



 (Electro neutrality)  

 ( )  

 ( µµµ ∆=−
0i , ) 

   

 

  (Resting potential)  
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  Gouy& Chapman Model 

 

 (Electrodialysis)  

 2.10  
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KD , NaD  ClD =  K+, Na+  Cl-  

ψ  x  

KC , NaC  ClC K+, Na+  Cl- 

  
  

 

0=++= ClNaK JJJJ (26) 

 

 

 (
dx

dψ = )  23  26  

 

 









++
++

−=−
II

ClCl

I

NaNa

I

KK

I

ClCl

II

NaNa

II

KKIII

CPCPCP

CPCPCP

F

RT
lnψψ  (27) 

 

 KP , NaP  ClP  K+, Na+  Cl-  

 R  = 8.314 J.mole-1.K-1 

 T   

 F  Faraday  96,500 Coulomb.mole-1 

 



 Goldman Equation   
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2.7 Fourier Transform Infrared 

Spectroscopy (FT-IR)   

Infrared frequency  wavenumber ( λ/1 ; cm-1) 

 

 

λ
ν 1
=  (28) 

 

 v    (wavenumber)  cm-1  λ     cm

 

 

vhcE = (29) 

 

 E   (J)  

 400-4000 cm-1

 2-12 kcal/mol

-  (bond stretching)  (bond 

bending)  2.11  2.11 

 



 
 

2.13

 

 Stretching  IR spectrum 

 

Infrared spectrum 

infrared

 (absorbance)  detector 

 plot 

(%transmission) wave number infrared spectrum  spectrum  

C-H stretching  3000 cm-1  C=O stretching  1700 cm-1 

functional group band (  1500-4000 cm-1)  2 

cyclopentanone cyclohexanone  spectrums  

functional group band fingerprint band (  700-1500 

cm-1)  stretching bending 

 

 

 

 



2.8  (Dielectric constant) 

 (Dielectric constant)  (electrical 

properties) 
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 3 
 

 

 

3.1   

1.  (Nafion® 324 EW1100,Du Pont de Nemours,  

Inc.) 
2.  (chitosan Mw ∼400,000, seafresh) 

3. (Merck) 

4.   (Merck) 

5.  (Merck) 

6.  (Merck) 

7. (Merck) 

8.   99.99%(φ =0.37mm) 

9.  

10.  

11.  

12.   (PAN ASIA INDUSTRIAL CO.,LTD.) 

 

3.2  
1.  2  4  (Mettler, AE200) 

2.  1,000 500 250 50  25  

3.  1.5×0.4   13×8  (BibbySterilin Ltd) 

4.  (VelpScientifica) 

5.  10  50  (HBG) 

6.  20-200  100-1,000  (Nichiryo) 

7.   10 25 50 100 250  (Witeg) 

8.   250 500  1000  (Pyrex) 

9.   (Memmert,  Schutzart DIN 40050-1D) 

10.   18×24  
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11.    0.5   20 ×25  

12.    28×30  

13.  

14.  

15.  (Mitutoyo, YAB 02-M) 

16.  

17.   

18.  

19.    4.7  

20.  9  

21.  (Wallace test equipment) 

22.  (Lloyd instrument data analysis package) 

23.    

24.Calomel electrode  12×120  1   single junction reference  

probes (Acti�on,  AE111) 

25.  (Fluke 87) 

26.   25  

27.   (Casio,  HS-5) 

28.  (WTW,  LF 318) 

29.  (JEOS JSM, Model 5800LV) 

30.  (Dead End) 

31.   

32.  (iRCT,  Agilent 16452A) 

  33.  (Bruker,  

EQUINOX55 Fourier Transform Infrared Spectrometer) 

  34.   (Tektronix,  2245A 100MHz) 

  35.   (Department of Biophysics school of Physics,  

Uni�ersityof New South Wales) 

 36.   (Stanford Research Systems, Model DS340 15MHz)  

3.3   
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3.3.1    
3.3.1.1  

 

(Nafion N324, EW 1100)  Du Pont de 

Nemours

(H2O2) 5% (�/�)  250  60  1 

  (DI) 

 (H2SO4) 1M  60

 1  (DI)  

 100  24 

  PSFA 

 Nafion  3.1  

 
 

 3.1 (Nafion N324, EW 1100) 

3.3.1.2  

 

   

 400,000  76 % 

 7   1 %(�/�)  700   48 

 1 %(w/�)  50 

psi   27 

  200   18×24 
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 43  120  

 4%(w/�)  200   1 

  7.6

 (CH, Chitosan)  3.2 

 

 
 

 3.2  400,000 
 
3.3.2  

 

(Pulse-density-modulated-PDM) 

  

 

  
 5cm 

Pulse-density-

modulated(PDM)  3.3  3.4

 2  Gas Gap  2  



  10 kH

 

 

 3.3

 3.4
 

Dielectric

Electrode

PDM 
High Volt

CCD

Reactor

 PDM 

Hz   15 kV 

 
 

 

 

Pulse-density-

 

5
0

 Ω

HV Probe

Probe

O
scillo

sco
p
e

tage

35 

 1-32 

 

 

 

-modulated(PDM)  
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 10-4  14
10)0.145.1( ×−

ions/cm
2  2.45 GHz

 7.5 keV  

 13.56 MHz  3.5 

 

 
 

 3.5  2.45 GHz

  ions/cm2[Prakrajang, (2011)] 

 
3.3.3  

3.3.3.1  

  4   

 3.6

 two chamber system  CI 

 100 mM

CII  0.01 mM  calomel electrode 

 90   

 C2  0.01, 0.1, 1,10  100 mM
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 CII  

(ß)  (α )  Goldman(  27  2)  

 

 

 3.6  

 

3.3.3.2 (Z)  (Geff)  (Ceff)  

  (Z)  (Geff)  

(Ceff)  

Differential Amplifer, Oscilloscope Function Generator 3.7

 3.8 3.9

 3 (Z) 

(Z) 

 1 mM

 calomel electrode (Hg2Cl2)  Differential 

Amplifier  (R=12kΩ) 

0.1 300 kHz.  

Function Generator  Ag/AgCl  VR,Vm  



(∆φ) 

(Oscilloscope) 

 

 3.7

 

 3.8
 (Geff) 

 1  2 

 

 (Z)  Differential Amplif

Function Generator

 

 (Ceff)
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fer, Oscilloscope 

 

(Z) 



 

 

 3 

N

 

 3.9
 (Geff) 

3.3.3.3

(FT-IR)  

 1x1 

 EQUINOX55 Four

 

 

 

(Z)  (Geff) 

Z

 (Z)  (Geff) 

Nyquist plots  SCI L

 

 (Ceff)

 

 

(Nafion N324, EW 11

 

 (FT-IR) 

  FT-IR 

rier Transform Infrared Spectrometer
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 (Ceff) 

Z,Geff,Ceff  (f) 

 (Ceff) 

LAB 5.1 

 

(Z) 

100)

 

BrukerFT-IR 
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3.3.3.4  

(Nafion N324, EW 1100)   

  

 1x1 

iRCT  Agilent 16452A 
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 4 
 

 
 

 

 

 

 
4.1 

 

 

  2  

 0.1-300kHz 

400,000MW  78% (DDA) 

 0.048  

 

  

  

 120 keV

(Nafion® N324 

) 0.275 

(KCl) 

 0.1-10mM
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 (Nafion) 

 2.44 3.68   

    ATR FTIR

 (Ar+) 

 

 

 

 

  20% 

 
 

4.1.1 (KCl)1 mM 

(4.1.1.1) (Z) 

 (Z)  (Chitosan Control) 

 (Chitosan Ar 120 keV) 

 (Nafion® N324 )

 4.1 

(KCl)  1mM  

 4.1
 0.1-300 kHz  

  14

 2 0.1-1 kHz 

 2.44  
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 3.68  

 

 (Nafion® N324 

)  1.88  

 

 4.1  (Z) (KCl) 

 1mM

 

(4.1.1.2)  (Geff) 

4.2 

(Nafion® N324 )

(KCl)  1mM 

 

 21  2   0.1-1 kHz

 0.391 mS

 0.246 mS 



44 

 0.509 mS 

 

 

 4.2  (Geff) 

(KCl)  1mM

(4.1.1.3)  (Ceff) 

 (Nafion® N324 

) 4.3
  

 22  2  

 5.46× 10-2 µF

4.92× 10-2 µF 

 

 7.09× 10-2 µF  20% 
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 4.3  (Ceff) (KCl) 

 1mM 

   

 4.1 

 

  

 

 

 4.1:    

(KCl)  1mM 

Membranes Impedance Ionic 

Conductance 

Capacitance

Ar-ion beams treated chitosan 

120keV

2.44 kΩ 0.391 mS 5.46×10
-8 

F 

Chitosan control 3.68 kΩ 0.246 mS 4.92×10
-8 

F 

Nafion
®

1.88 kΩ 0.509 mS 7.09×10
-8 

F 
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4.1.2 (KCl) 

 

(KCl) 

   

 (Nafion® N324 ) 

   

(KCl)  0.1mM, 1mM  10mM 

(4.1.2.1) (Z) 

4.4  

(KCl)  0.1mM, 1mM  10mM 

 0.1-300 kHz  0.1-1 kHz 

 (CH C KCl 10mM) (CH 

ArKCl 10mM) (NafKCl 10mM) 

(KCl)  1mM (CH C KCl 1mM, CH ArKCl 1mM, NafKCl 1mM) 

  0.1 mM(CH C KCl 0.1 mM, CH ArKCl 0.1mM, NafKCl 0.1mM) 

  

(KCl)10mM  0.51  

1mM 1.88   0.1mM 10.56 
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 4.4  (Z) (KCl) 

0.1mM, 1mM  10mM

 

(4.1.2.2)  (Geff) 

(KCl)  0.1mM, 1mM  10mM 

 0.1-300 kHz  4.5  

0.1-1 kHz  (KCl)  

10mM 

(KCl)  1mM   0.1 mM  

 

(KCl)10mM  2.075 mS 

 1mM  0.391 mS   0.1mM  0.074 

mS  
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 4.5  (Geff) 

(KCl)  0.1mM, 1mM  10mM

(4.1.2.3)  (Ceff) 

4.6 

(KCl)  0.1mM, 1mM 

 10mM  0.1-300 kHz  

(KCl)  10mM 

(KCl)  1mM  

 0.1 mM    

 10mM 2.29× 10-7 F  

1mM  4.92× 10-8 F   0.1mM  7.96× 10-9 F 

 

(Ceff)  
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 4.6  (Ceff) (KCl)

 0.1mM, 1mM  10mM

   

(KCl) 

 0.1mM, 1mM  10mM  4.2

  

 

  

   

 

 Park  , 2005
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4.2:    

(KCl)  0.1mM, 1mM  

10Mm 

 
Membranes Impedance Ionic 

Conductance 

Capacitance

Electrolyte concentrations 

(KCl)0.1mM 

   

Ar-ion beams treated chitosan 

120keV

13.00kΩ 0.074mS 9.26×10
-9

F 

Chitosan control 21.37kΩ 0.037mS 7.96×10
-9

F 

Nafion
®

10.56kΩ 0.086mS 1.41×10
-8 

F 

Electrolyte concentrations 

(KCl)1mM

   

Ar-ion beams treated chitosan 

120keV

2.44 kΩ 0.391 mS 5.46×10
-8 

F 

Chitosan control 3.68 kΩ 0.246 mS 4.92×10
-8 

F 

Nafion
®

1.88 kΩ 0.509 mS 7.09×10
-8 

F 

Electrolyte concentrations 

(KCl)10mM

   

Ar-ion beams treated chitosan 

120keV

0.46kΩ 2.075mS 2.92×10
-7

F 

Chitosan control 0.34kΩ 1.709mS 2.29×10
-7

F 

Nafion
®

0.51kΩ 2.884mS 3.41×10
-7

F 

 

4.1.3Nyquist plots 

Nyquist plot 

(KCl)  0.1mM, 1mM  

10mM 4.7 Nyquist plot  

( ) ( )

 2.7  16  2 4.7(a), (b)  (c)
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(KCl)  

 10mM, 1mM  0.1mM  

Nyquist plot 

bode plot  4.1.1  4.1.2 
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 4.7Nyquist plots  (a) 

(KCl)  0.1mM (b) 

(KCl)  1mM (c) (KCl) 

 10 mM 

 Nyquist plots bode plot 

  

 

16  2  

  

  

  

bode plot  4.1.1  4.1.2 
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4.1.4  

(KCl)  

 

4.8  (Ar+) 

 

 (K+)  (Cl-) (Cl-) 

 

(Cl-) 

 (K+) 

 

 

 

 27  2 

 

( β =PCl/PK) 

 

 4.3 

 5.53  9.36 

100/0.01 mM  
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 4.3: , KCl P/P=β

 

KCl concentration 
β=PCl/PK, 

Chitosan Control 

β=PCl/PK, 

Chitosan Ar 120 keV

0.01mM 5.53 9.36 

0.1mM 4.15 5.56 

1mM 3.17 4.07 

10mM 2.98 4.03 

 

( ) 

 

 

 4.8
(KCl) 

; 100/0.01, 100/0.1, 100/1.0, 100/10 100/100 mM 



55 

4.1.5 

   

4.9  30  2 

2.88 27.9 MHz

  

 4.9
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4.1.6  ATR FTIR  

4.10  ATR FTIR 

 

 

ATR FTIR   3450cm  1 O H(stretch),  2875cm 1

C H (stretch), 1650cm 1 C=O (stretch of amide group),  

1585cm -1  N H (deformation of amino groups),  1375cm 1  C O (stretch 

of amide group) 1150,1060,1027cm 1 C O C (stretch) 

 C O (stretching)  

ATR FTIR 3450, 

2875, 1375,  1060cm 1

 

4.1 

4.2 

4.3   120 keV

 ATR FTIR   

 (Ar+)  
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 4.10  ATR FTIR 

 

   

  0.1-300 kHz 

 

    

   

  ATR FTIR 

 (Ar+)  

  

 20% 
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4.2 
 

0.25  

(Pulse-density-modulated) 

  1, 5  10  

  

 

  

 

 Bae    2006  

 2  

 0.1-300 kHz  

(KCl) 0.1mM 

 1, 5, 10  (0 )  9.76, 7.30, 8.04  11.45   

 

 36%

   

ATR FTIR
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 (K+)

 (Cl-)  5 

 

4.2.1 (KCl)0.1 

mM 

(4.2.1.1) (Z) 

 (Z) 

 1  (PFSA - 1W), 5 (PFSA - 

5W), 10 (PFSA - 10W)   (0 , PFSA - 0W) 

(KCl) 

0.1mM 4.11  

 0.1-300 kHz 

 

 14  2  0.1-1 

kHz

 5  7.30  

 10  1  8.04  9.76  

11.45  

 

  5 

 ( )  
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 4.11  (Z) (KCl) 

 0.1mM 

(4.2.1.2)  (Geff) 

4.12 

 1, 5, 10   

 (0 ) 4.12  

 0.1-300 kHz 

 

 14  2  

 0.1-1 kHz 

 5  0.133mS

 10  1  0.120  0.099mS  

0.085mS

 

  

5  
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 4.12  (Geff) 

(KCl) 0.1mM

(4.2.1.3)  (Ceff) 

 1, 5, 10   

 (0 ) 4.13
 

 22  2  4.13 

 5  

2.26× 10-8F  10  1  

2.04× 10-8  1.69× 10-8F  

1.29× 10-8F
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 5 

 

 
 4.13  (Ceff) (KCl) 

 0.1mM 

 

 

   

 4.4
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4.4:    

(KCl)  0.1mM 

Membranes Impedance Ionic 

Conductance 

Capacitance

PFSA-0W 11.45 kΩ 0.085 mS 1.29×10
-8 

F 

PFSA-1W 9.76 kΩ 0.099 mS 1.69×10
-8 

F 

PFSA-5W 7.30 kΩ 0.133 mS 2.26×10
-8 

F 

PFSA-10W 8.04 kΩ 0.120 mS 2.04×10
-8 

F 

 

4.2.2Nyquist plots 

Nyquist plot 

 1, 5, 10  

  (0 ) 

(KCl)  0.1mM 4.14

 1, 10, 5  

 4.14Nyquist plots 

 1, 5, 10    (0 

)
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 Nyquist plot  

( ) ( )

 2.7 

16  2  

  

 

 1 10   5 

 

 10  1  

 5 

bode plot  4.2.1 

4.2.3

 1, 5, 10    

(0 ) 4.15 
7.00 27.0 MHz 

 5, 10  1

 

 

 30  2 
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   5 

 

 

 

 

 4.15
 1, 5, 10    

 (0 ) 

4.2.4  

 1, 5, 10    

(0 ) 

 4.16  

 5, 10  1

(0 )   ( ) 

 (K+)  (Cl-)  
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 4.1.4  (K+) 

 

(Cl-)  

 

(SO3
_) 

 

 4.16
 1, 5, 10     (0 

) (KCl) ; 

100/0.01, 100/0.1, 100/1.0, 100/10 100/100 mM 

 

 27  2 

 

 ( ClKl
PP /=α ) 
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 1, 5, 10    (0 )  4.5 

 5, 10  1  

 (0 )   

 5  2.90× 102  12.34× 102

100/0.01 mM  

 

 

4.5:  ( ClKl
PP /=α )

 1, 5, 10 

   (0 ) 

KCl 

concentration

α=PK/PCl, 

PSFA - 0W

α=PK/PCl, 

PSFA - 1W

α=PK/PCl, 

PSFA - 5W

α=PK/PCl, 

PSFA - 10W

0.01mM 2.90×10
2
 4.56×10

2
 12.34×10

2
 6.09×10

2

0.1mM 1.86×10
2
 3.75×10

2
 8.47×10

2
 4.68×10

2

1mM 0.54×10
2
 0.74×10

2
 3.20×10

2
 1.44×10

2

10mM 0.20×10
2
 0.43×10

2
 2.45×10

2
 0.72×10

2

 

 ( )  

 5 

 

4.2.6  ATR FTIR  
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4.17  ATR FTIR 

 1, 5, 10     (0 ) 

 ATR FTIR   980cm  1  -COC- (symmetric 

stretching),  1055 cm  1 -SO3-(symmetric stretching),   1160 

1200 cm  1  -CF2- (symmetric stretching),  1220 cm  1  -SO3-(asymmetric 

stretching)   1305 cm  1  -CF3- (stretching)  ATR

FTIR  

4.6 (-SO3-asymmetric stretching)  1220 cm  1  -

CF2- (symmetric stretching) 1160cm  1 1200 cm  1

  

–OH (bending)  711cm  1  5 

 10   1   –OH (bending)

   

 C-O(stretching)  1017cm  1

 1   C-O (stretching)   5  

  10  

  

  (K+) 

 (Cl-)  



69 

 4.17  ATR FTIR 

 1, 5, 10    

 (0 ) 

4.11
4.12 4.13
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 5  

 4.6:

 1, 5, 10   

  (0 ) 

 
Wavenum

ber (cm
-1

) 

%Transmittance 

Functional 

group 

PFSA - 

0W

PFSA - 

1W

PFSA - 

5W

PFSA - 

10W

1220 -SO3- 75.1092 75.5166 76.0306 77.0648 

1200 -CF2- 74.3012 74.8922 75.0931 76.1764 

1160 -CF2- 69.1789 69.5621 70.0497 71.2195 

1017 -C-O 97.2329 96.4182 97.3708 97.9804 

711 -OH 99.1374 99.8087 97.8911 98.1613 

 

 

 1, 5, 10     (0 ) 

    0.1-

300 kHz 

 

(K+)  (Cl-)  

    ATR FTIR 

 5 

 36% 
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4.3
 

  

 2  

 0.1-300 kHz  

 400,000MW  78% (DDA) 

 0.05 

 

(Zeff)  (Zmem)

 2.6  2 

 (Zmem)  

 

  

(KCl)  0.1mM  0.01mM

 

1 , 0.5  (0 )

(KCl)  0.1mM 17.2 9.35  1.3  

(KCl)  0.01mM 

30.1 16.61  4.5 

 1 

 90% 

  (K+)
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 (Cl-)  

1 0.5  

 

4.3.1  (Z) 

 (Z) 

 1  (Distance 1cm) , 0.5  (Distance 0.5 cm)  

 (Closer membrane) (KCl) 

 0.1mM  0.01mM 4.18
 0.1-1 kHz  1 

, 0.5    (0 )

(KCl)  0.1mM  17.2  9.35  1.3  

 

4.18  (Z) 

 1  (Distance 1cm) , 0.5  (Distance 0.5 cm)   (Closer 

membrane) (KCl)  0.1mM  

0.01mM 
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 (KCl)  0.01mM 

 30.1  16.61  4.5    

 0.1mM  0.01mM 

 4.1.2.1  

 ( )  

 

 (Zeff)  

 

 

4.3.2  (Geff) 

4.19
 1  (Distance 1cm) , 0.5  (Distance 0.5 

cm)   (Closer membrane) (KCl) 

 0.1mM  0.01mM  

0.1-1 kHz  

1 , 0.5    (0 )

(KCl)  0.1mM  0.056  0.102  0.74mS

 (KCl)  0.01mM 

  0.032 0.058 0.21 mS    

0.1mM  0.01mM

 4.1.2.2 

 

 

 ( ) 
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4.19  (Geff) 

 1  (Distance 1cm) , 0.5  (Distance 0.5 cm)  

 (Closer membrane) (KCl)  

0.1mM  0.01mM 

 

4.3.3  (Ceff) 

 1  (Distance 1cm) , 0.5  (Distance 0.5 cm)  

 (Closer membrane) (KCl) 

 0.1mM  0.01mM 4.20
 1 , 0.5   

 (0 ) (KCl)  

0.1mM  1.29× 10-8 F  2.35× 10-8 F 1.68× 10-7F  

(KCl)  0.01mM  7.46× 10-9 F 1.35× 10-8 

F 4.97× 10-8 F    0.1mM 

 0.01mM  4.1.2.3
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4.20  (Ceff) 

 1  (Distance 1cm) , 0.5  (Distance 0.5 cm)   

(Closer membrane) (KCl)  0.1mM

 0.01mM 

 1 , 0.5    (0 )

(KCl)  0.1mM  0.01mM 

 4.7

 

(Zeff) 

 (Zeff)  

1.58 /   2.56 /

(KCl)  0.1mM  0.01mM 
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 4.7: 

 1 , 0.5    (0 )

(KCl)  0.1mM  0.01mM

Electrical properties KCl 0.1mM KCl 0.01mM 

Distance 1 cm   

Impedances 17.19 kΩ 30.10 kΩ
Conductance 0.056 mS 0.032 mS

Capacitance 1.29×10
-8

 F 7.46×10
-9

 F

Distance 0.5 cm 

Impedances 9.35kΩ 16.61kΩ

Conductance 0.102mS 0.058mS

Capacitance 2.35×10
-8

F 1.35×10
-8 

F

Closer membrane (0 cm) 

Impedances 1.31 kΩ 4.47 kΩ

Conductance 0.74 mS 0.21 mS

Capacitance 1.68×10
-7

F 4.97×10
-8 

F

 

4.3.4 Nyquist plots  

Nyquist plot 

 1 , 0.5    (0 

) (KCl)  0.1mM  

0.01mM 4.21
 1 0.5 

 (KCl) 0.01mM

0.1mM 



 1

(KCl)0.1mM 

0.01mM

Ny

 4.21Nyquist plots 

 1  (Distan

membrane)

4.3.5 

1  0.5   

 4.1.3  4.2.2 

yquist plot  

bode plot 

nce 1cm) , 0.5  (Distance 0.5 cm)  

(KCl) 

0.01mM
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 (Closer 

 0.1mM  
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 1  0.5 

(KCl)  

 

4.22 

 

 (Cl-) 

 (K+)  

 4.1.4 

 4.22  

1  (Distance 1cm) , 0.5  (Distance 0.5 cm)   (Closer 

membrane) (KCl) 

; 100/0.01, 100/0.1, 100/1.0, 100/10 100/100 mM 
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( β =PCl/PK)

 27  2

 1 , 0.5  

  4.8 

 0.5  1  

120.78  64.23  5.53  100/0.01 mM

 

 1 0.5  

 4.8: , KCl P/P=β

 1  (Distance 1cm) , 0.5 

 (Distance 0.5 cm)   (Closer membrane)

KCl 

concentration 

β=PCl/PK, 

Distance 1 cm 

β=PCl/PK, 

Distance 0.5 cm

β=PCl/PK, 

Closer membrane

0.01mM 5.53 64.23 120.78 

0.1mM 4.15 25.57 53.46 

1mM 3.17 14.45 22.78 

10mM 2.98 9.35 18.95 

  90% 
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�������
������������������������� �#���	�"�����( ���)����( ���#�����*���'�����!���+��,�-�
'��'�(!	��&�.����!��'����
��
��������������#�
�/�0	�"�#��	!"�1-���� 
 

5.1 ����������������������� �!���"���
�#�
�	�����$�������!����!��"�$�����!����"%�

&�! ���
�����
' 
)�����!��
���,��������������� ������#����-��!�*� #����2#���	�"!-�

��
��
���������#�����#�
�/#����2!��
���,���������������
�3#��������	��&�'����������
��������	
�������	�"�������������� �!)���������	����������1��
!�
�������������������
��������������
"�	�" ���.����!�)����(	�"4%�5�
-����������
-�
!���+����)�	��&� ��� 
-����
��0����)�	��&� ���.1"
!��2��.�1-!� 0.1-300 kHz ������
-��,�-���(���'%(����-��������
!���'"�'"�
'��#�����������0
��	�������#����
��	��������������
!���'"�'"����>)��+�.," 
-�
!��
�+����)�	��&� ��� 
-������0����)�	��&� #��'%(���-
-����������)����� ���)����( ����	�"�0
�#��.,"�,0�!-���������	
����,����������� �!�"!��������	���������������- -�����
����������	����	�"����!-���������	
����1��
!�
�� ����� �'��4����������- ��� 
-�
����
	�����0
���� �!���(� ����	�")��#��
���� ATRBFTIR ������!-������������ �!�"!��������
	�������#-� ��+�.,"�!��������'��	
���������������������'%(�'�����)�����!3��(� �!
'����������������)���������	���� (Ar+) ������)��	������� %��#��,���,�-���(�+�.,"��������
���-�������������	���� -���-���������'����������	
����,����������� �!�"!��������
	�������	�"���'%(�  ��-�	��0�����������	
����,����������� �!�"!��������	��������0�����
���#��*�I������"���!-���������������
"����-�����3 20% 
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5.2 ��������������������%���)�*���� #��)!�&� �����"���
�#�
�	�����$��%���"�������"�#!

������+�$�����!����"%�&�! ���
�����
' 
��
��
���������#�����#�
�/���.1"��!)#����������������'����������)�.1"

#�LL�3	��&�����##������.1"�����������)���'��� 2 �!���)���,�-�)-�� ���.1"1-!�'��
!��2��
'��#�LL�3	��&�����##���.�1-!� 0.1-300 kHz ����������������#��)�2����#��.� #��
���������0
��	�������#����
��	���(KCl) �����
!���'"�'"� 0.1mM  �.����(���"����	�"�#��
.,"�,0�!-�'������������'������������������������������������	�"������������������+����
'�����#�� 1, 5, 10 !���� ���1��
!�
��(0 !����)��T� 9.76, 7.30,  8.04��� 11.45 ������,�� 
����+���� ��� ��!-�
-�
!���+����)�	��&����
-������0����)�	��&�'����������������������
��������������	�"��������������)�����#��.," �������!-���������������������������1��

!�
�����������#�����- 36% ���)����( ����	�"�����!�����������������
�3#��������	��&����
�
��#�"��'����������)����
��
���������#�����#�
�/ 4����������-'���������� 
-�
����	�
����0
���� ��� ATRBFTIR�#�
����������!-������������ �!�"!����#�����
!������������4
#-� ��+�.,"����������'%(�'��,��-	Z���������
���������� �!'����������%��,��-�,�-���(

-��'"�������)���T��� ���)����(����+�.,"����������'%(�'�����)�����!3��(� �!'�����������"!�
������)�����#�� %��#��,���,�-���(#-� ��-���������'%(�'�������������-�������������'��
����#����	���� (K+)���
��	���	���� (Cl-)  -����������,������������"!����#�� ���
���������������+����'�����#�� 5 !������T�1-!�����,���#����#����������#��*�I�����!-���������
1��
!�
�����- 36% 

 
5.3��+-.����/�%�0��������1�&�!2�0��0#3��))4�5!���#�0�����!����"%�&�! ��
�����


'�1���#�����������	6�#.6�0�������������� �! 

)�����!��
���,��������������� ������#����-��!�*� ��!-�4����������-���
�����#-!�#I�������%�	�"'��	������
!��#��
�"����� ����	�")����
��
���������#���
��#�
�/��� ���#��1�(.," �,0�!-�����!��������+��,�-�'��'�(!	��&����1������������
���#��*�I������!-��������!��������+��,�-�'��'�(!	��&�,-��)���������� ���- 90%������)�����
�����+��,�-�'��'�(!	��&����.1"��#��������-.��"��������.�#�����������0
��	������ #-� ��+�.,"

!���"�����#-!����������)�����������0
��	��� �������	��"!� �+�.,"�����������-���
����������	���� -����������	����'�(!	��&����.1"��!)#����������'%(� %�� ���(	�"������)��
-�
���������������� ���������T� 1.58 ������,��/��������� ��� 2.56 ������,��/���������.�
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#�����������0
��	�������#����
��	��� (KCl) �����
!���'"�'"� 0.1mM ��� 0.01mM 
����+������� 4����������-�!�2%������#-!�#I�������%�	�"'��	������������'%(�#+�,���
�������!����������+��,�-�'��'�(!	��&�.,"���1���������� 
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Diffusion Potential CH Control 

Concentrations 

(mM) V (mV) 1 V (mV) 2 V (mV) 3 CH Control 

0.01 -44.5 -42.8 -45.3 -44.2 

0.1 -35.7 -36.8 -37.5 -36.7 

1 -29.8 -29.1 -28.5 -29.1 

10 -23.4 -22.6 -21.1 -22.4 

100 -14.5 -13.9 -14.7 -14.4 

     Diffusion Potential CH+Ar 120keV 

Concentrations 

(mM) V (mV) 1 V (mV) 2 V (mV) 3 

CH+Ar 

120keV 

0.01 -57.3 -59.5 -56.6 -57.8 

0.1 -43.3 -45.6 -43.7 -44.2 

1 -34.5 -36.7 -34.7 -35.3 

10 -29.5 -27.8 -26.6 -27.9 

100 -12.1 -13.3 -11.3 -12.23 

 

 

Diffusion Potential Distance 1 cm 

Concentrations 

(mM) V (mV) 1 V (mV) 2 V (mV) 3 Distance 1 cm 

0.01 -44.5 -42.8 -45.3 -44.2 

0.1 -35.7 -36.8 -37.5 -36.7 

1 -29.8 -29.1 -28.5 -29.1 

10 -23.4 -22.6 -21.1 -22.4 

100 -14.5 -13.9 -14.7 -14.4 

 

 

Diffusion Potential Closer membrane 

Concentrations 

(mM) V (mV) 1 V (mV) 2 V (mV) 3 

Closer 

membrane 

0.01 -120.2 -128.9 -121.8 -123.6 

0.1 -101.8 -102.2 -100.5 -101.5 

1 -74.5 -76.7 -75.4 -75.5 

10 -48.3 -47.9 -49.8 -48.7 

100 -23.5 -26.2 -26.5 -25.4 
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Diffusion Potential Distance 0.5 cm 

Concentrations 

(mM) V (mV) 1 V (mV) 2 V (mV) 3 Distance 0.5 cm 

0.01 -82.325 -79.18 -83.805 -81.8 

0.1 -66.045 -68.08 -69.375 -67.8 

1 -55.13 -53.835 -52.725 -53.9 

10 -43.29 -41.81 -39.035 -41.4 

100 -20.825 -21.715 -21.195 -21.2 

 

Diffusion Potential PSFA 0W 

Concentrations 

(mM) V (mV) 1 V (mV) 2 V (mV) 3 PFSA - 0W 

0.01 144.8 150.5 142.3 145.8 

0.1 128.8 130.9 132.4 130.7 

1 91.7 89.3 96.6 92.5 

10 53.4 48.8 45.5 49.2 

100 17.4 8.8 14.2 13.5 

Diffusion Potential PSFA 1W 

Concentrations 

(mM) V (mV) 1 V (mV) 2 V (mV) 3 PFSA - 1W 

0.01 158.6 155.3 157.4 157.1 

0.1 142.5 145.3 147.2 145 

1 94.5 100.8 97.2 97.5 

10 53.7 56.4 52.5 54.2 

100 13.6 14.3 15.9 14.6 

Diffusion Potential PSFA 5W 

Concentrations 

(mM) V (mV) 1 V (mV) 2 V (mV) 3 PFSA - 5W 

0.01 180.4 182.7 179.9 181 

0.1 158.2 159.3 157.8 158.4 

1 109.2 113.3 115.2 112.6 

10 57.5 58.6 59.4 58.5 

100 15.3 17.3 16.5 16.4 

Diffusion Potential PSFA 10W 

Concentrations 

(mM) V (mV) 1 V (mV) 2 V (mV) 3 PFSA - 10W 

0.01 164.3 159.7 168.6 164.2 

0.1 145.5 150.3 151.1 149 

1 108.3 102.6 105.3 105.4 

10 58.7 56.4 53.6 56.2 

100 19.7 21.2 16.2 19 
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Chitosan R=11.93k KCL 0.1mM MW=4E+5 DDA=78% 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.20E-03 3.27E+00 0.73 0.35 -0.99211 -0.12533 0.03987187 8.01662E-09 24.8825714 

250 4.00E-03 2.20E-03 3.46E+00 0.71 0.35 -0.95106 -0.30902 0.03929846 8.1289E-09 24.2008571 

500 2.00E-03 1.20E-03 3.77E+00 0.66 0.37 -0.80902 -0.58779 0.03801675 8.79197E-09 21.2805405 

750 1.33E-03 8.40E-04 3.96E+00 0.64 0.42 -0.68383 -0.72965 0.03761612 8.51726E-09 18.1790476 

1000 1.00E-03 6.30E-04 3.96E+00 0.63 0.41 -0.68455 -0.72897 0.03734274 6.32895E-09 18.3314634 

2500 4.00E-04 2.40E-04 3.77E+00 0.61 0.41 -0.80902 -0.58779 0.04557967 2.1082E-09 17.7495122 

5000 2.00E-04 1.10E-04 3.46E+00 0.59 0.42 -0.95106 -0.30902 0.05674965 5.86934E-10 16.7588095 

7500 1.33E-04 7.50E-05 3.54E+00 0.55 0.43 -0.92045 -0.39085 0.06032082 5.43546E-10 15.2593023 

10000 1.00E-04 5.60E-05 3.52E+00 0.51 0.58 -0.92978 -0.36812 0.0886331 5.58512E-10 10.4901724 

25000 4.00E-05 2.60E-05 4.08E+00 0.32 0.84 -0.58779 -0.80902 0.12933246 1.13325E-09 4.5447619 

50000 2.00E-05 1.30E-05 4.08E+00 0.25 1.12 -0.58779 -0.80902 0.2207274 9.67042E-10 2.66294643 

75000 1.33E-05 9.10E-06 4.29E+00 0.15 1.32 -0.41054 -0.91184 0.3028268 1.42732E-09 1.35568182 

100000 1.00E-05 7.90E-06 4.96E+00 0.11 1.77 0.24869 -0.96858 0.33542719 2.0792E-09 0.74141243 

250000 4.00E-06 9.10E-07 1.43E+00 1.00E-01 3.10E+00 0.140901 0.990024 0.36613061 1.63775E-09 0.38483871 

300000 3.33E-06 7.90E-07 1.49E+00 7.00E-02 4.10E+00 0.080105 0.996786 0.39328228 2.59625E-09 0.20368293 
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Chitosan R=11.93k KCL 1mM MW=4E+5 DDA=78% 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.40E-03 3.39E+00 0.41 1.21 -0.96858 -0.24869 0.23960616 9.79128E-08 4.39239669 

250 4.00E-03 2.20E-03 3.46E+00 0.41 1.22 -0.95106 -0.30902 0.23721484 4.9068E-08 4.0092623 

500 2.00E-03 1.20E-03 3.77E+00 0.4 1.21 -0.80902 -0.58779 0.20513633 4.7441E-08 3.94380165 

750 1.33E-03 7.70E-04 3.63E+00 0.41 1.23 -0.88334 -0.46873 0.22213093 2.50129E-08 3.97666667 

1000 1.00E-03 5.70E-04 3.58E+00 0.4 1.21 -0.90483 -0.42578 0.22943016 1.71826E-08 3.94380165 

2500 4.00E-04 2.40E-04 3.77E+00 0.37 1.24 -0.80902 -0.58779 0.22726741 1.05118E-08 3.55975806 

5000 2.00E-04 1.20E-04 3.77E+00 0.36 1.21 -0.80902 -0.58779 0.22792925 5.27122E-09 3.54942149 

7500 1.33E-04 7.70E-05 3.64E+00 0.36 1.23 -0.87947 -0.47595 0.25187499 2.89254E-09 3.49170732 

10000 1.00E-04 5.80E-05 3.64E+00 0.36 1.25 -0.87631 -0.48175 0.25504874 2.23158E-09 3.43584 

25000 4.00E-05 2.30E-05 3.61E+00 0.35 1.25 -0.89101 -0.45399 0.26673648 8.65224E-10 3.3404 

50000 2.00E-05 1.30E-05 4.08E+00 0.24 1.42 -0.58779 -0.80902 0.29151127 1.27716E-09 2.01633803 

75000 1.33E-05 1.08E-05 5.09E+00 0.15 1.67 0.369308 -0.92931 0.34464577 1.84036E-09 1.07155689 

100000 1.00E-05 8.00E-06 5.03E+00 1.02E-01 1.73E+00 0.309017 -0.95106 0.43932696 2.15195E-09 0.70338728 

250000 4.00E-06 9.30E-07 1.46E+00 5.70E-02 3.30E+00 0.109734 0.993961 0.53252632 3.07078E-09 0.20606364 

300000 3.33E-06 7.80E-07 1.47E+00 5.00E-02 4.10E+00 0.098897 0.995098 0.6797635 3.62859E-09 0.1454878 
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Chitosan R=11.93k KCL 10mM MW=4E+5 DDA=78% 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.20E-03 3.27E+00 7.20E-02 1.52E+00 -0.99211 -0.12533 1.75562814 3.52986E-07 0.56510526 

250 4.00E-03 2.20E-03 3.46E+00 7.10E-02 1.50E+00 -0.95106 -0.30902 1.68421989 3.48381E-07 0.56468667 

500 2.00E-03 1.15E-03 3.61E+00 7.10E-02 1.62E+00 -0.89101 -0.45399 1.70410796 2.76384E-07 0.52285802 

750 1.33E-03 7.80E-04 3.68E+00 7.00E-02 1.61E+00 -0.86027 -0.50983 1.65853285 2.0858E-07 0.51869565 

1000 1.00E-03 6.30E-04 3.96E+00 5.40E-02 1.64E+00 -0.68455 -0.72897 1.74266129 2.95351E-07 0.39281707 

2500 4.00E-04 2.40E-04 3.77E+00 6.30E-02 1.63E+00 -0.80902 -0.58779 1.75454397 8.11532E-08 0.46109816 

5000 2.00E-04 1.20E-04 3.77E+00 6.10E-02 1.65E+00 -0.80902 -0.58779 1.83430399 4.24212E-08 0.44104848 

7500 1.33E-04 7.90E-05 3.73E+00 6.20E-02 1.67E+00 -0.83065 -0.5568 1.87543333 2.66772E-08 0.44291018 

10000 1.00E-04 6.00E-05 3.77E+00 6.00E-02 1.71E+00 -0.80902 -0.58779 1.93268938 2.23482E-08 0.41859649 

25000 4.00E-05 2.30E-05 3.61E+00 6.50E-02 1.74E+00 -0.89101 -0.45399 1.99929248 6.48518E-09 0.44566092 

50000 2.00E-05 1.75E-05 5.50E+00 5.30E-02 1.82E+00 0.707107 -0.70711 2.03535457 6.47873E-09 0.34741209 

75000 1.33E-05 1.14E-05 5.37E+00 4.30E-02 1.92E+00 0.613968 -0.78933 2.29793661 6.26917E-09 0.26718229 

100000 1.00E-05 8.20E-06 5.15E+00 3.30E-02 2.30E+00 0.425779 -0.90483 2.48747078 8.41316E-09 0.17116957 

250000 4.00E-06 8.60E-07 1.35E+00 2.20E-02 3.40E+00 0.218143 0.975917 2.82590498 8.04838E-09 0.07719412 

300000 3.33E-06 7.80E-07 1.47E+00 1.10E-02 4.10E+00 0.098897 0.995098 3.08983411 1.64936E-08 0.03200732 
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Chitosan Ar  120 keV R=11.93k KCL 10mM MW=4E+5 DDA=78% 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.20E-03 3.27E+00 7.10E-02 1.84E+00 -0.99211 -0.12533 2.15516694 4.33317E-07 4.60342E-01 

250 4.00E-03 2.20E-03 3.46E+00 7.00E-02 1.83E+00 -0.95106 -0.30902 2.08410181 4.31097E-07 4.56339E-01 

500 2.00E-03 1.15E-03 3.61E+00 6.90E-02 1.85E+00 -0.89101 -0.45399 2.00245644 3.24772E-07 4.44957E-01 

750 1.33E-03 7.40E-04 3.49E+00 7.20E-02 1.86E+00 -0.94059 -0.33956 2.0367516 1.56032E-07 4.61806E-01 

1000 1.00E-03 5.30E-04 3.33E+00 7.30E-02 1.86E+00 -0.98229 -0.18738 2.09791625 6.36936E-08 4.68220E-01 

2500 4.00E-04 2.20E-04 3.46E+00 7.40E-02 1.87E+00 -0.95106 -0.30902 2.01453941 4.16708E-08 4.72096E-01 

5000 2.00E-04 1.10E-04 3.46E+00 7.10E-02 1.89E+00 -0.95106 -0.30902 2.12211706 2.19480E-08 4.48164E-01 

7500 1.33E-04 7.50E-05 3.54E+00 7.00E-02 1.91E+00 -0.92045 -0.39085 2.10521652 1.89699E-08 4.37225E-01 

10000 1.00E-04 5.40E-05 3.39E+00 7.10E-02 1.92E+00 -0.96858 -0.24869 2.19552987 8.97182E-09 4.41161E-01 

25000 4.00E-05 2.40E-05 3.77E+00 6.40E-02 1.98E+00 -0.80902 -0.58779 2.09798518 9.70384E-09 3.85616E-01 

50000 2.00E-05 1.25E-05 3.93E+00 5.50E-02 2.20E+00 -0.70711 -0.70711 2.37085258 7.54666E-09 2.98250E-01 

75000 1.33E-05 1.10E-05 5.18E+00 3.90E-02 2.27E+00 0.455145 -0.89042 2.2206016 9.21878E-09 2.04965E-01 

100000 1.00E-05 8.20E-06 5.15E+00 3.20E-02 2.32E+00 0.425779 -0.90483 2.58751037 8.75152E-09 1.64552E-01 

250000 4.00E-06 8.30E-07 1.30E+00 2.70E-02 3.44E+00 0.263873 0.964557 2.81805374 6.55786E-09 9.36366E-02 

300000 3.33E-06 7.20E-07 1.36E+00 2.20E-02 3.88E+00 0.210679 0.977555 3.11451485 7.66671E-09 6.76443E-02 
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Chitosan Ar  120 keV R=11.93k KCL 1mM MW=4E+5 DDA=78% 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.25E-03 3.30E+00 0.27 1.34 -0.98769 -0.15643 0.41088522 1.03575E-07 2.40380597 

250 4.00E-03 2.20E-03 3.46E+00 0.28 1.35 -0.95106 -0.30902 0.38436304 7.95056E-08 2.47437037 

500 2.00E-03 1.10E-03 3.46E+00 0.27 1.34 -0.95106 -0.30902 0.39564612 4.09198E-08 2.40380597 

750 1.33E-03 7.50E-04 3.54E+00 0.28 1.34 -0.92354 -0.3835 0.37047805 3.2646E-08 2.49283582 

1000 1.00E-03 5.40E-04 3.39E+00 0.28 1.36 -0.96858 -0.24869 0.39434592 1.61146E-08 2.45617647 

2500 4.00E-04 2.30E-04 3.61E+00 0.29 1.36 -0.89101 -0.45399 0.35025259 1.13613E-08 2.54389706 

5000 2.00E-04 1.10E-04 3.46E+00 0.29 1.35 -0.95106 -0.30902 0.37110914 3.8382E-09 2.56274074 

7500 1.33E-04 7.50E-05 3.54E+00 0.28 1.37 -0.92045 -0.39085 0.3775061 3.40168E-09 2.43824818 

10000 1.00E-04 6.00E-05 3.77E+00 0.25 1.36 -0.80902 -0.58779 0.36890632 4.26577E-09 2.19301471 

25000 4.00E-05 2.40E-05 3.77E+00 0.25 1.4 -0.80902 -0.58779 0.37975651 1.75649E-09 2.13035714 

50000 2.00E-05 1.20E-05 3.77E+00 0.23 1.61 -0.80902 -0.58779 0.47469564 1.09781E-09 1.70428571 

75000 1.33E-05 1.10E-05 5.18E+00 0.12 1.76 0.455145 -0.89042 0.55955247 2.32297E-09 0.81340909 

100000 1.00E-05 8.10E-06 5.09E+00 0.095 1.94 0.368125 -0.92978 0.63013335 2.53301E-09 0.58420103 

250000 4.00E-06 8.70E-07 1.37E+00 5.50E-02 3.31 0.202787 0.979223 1.02297637 3.14475E-09 0.19823263 

300000 3.33E-06 7.40E-07 1.40E+00 4.90E-02 3.84 0.173648 0.984808 1.1406829 3.43198E-09 0.15223177 

 

 

 



 

 

97 

 

 

 

 

 

 

 

 

Chitosan Ar  120 keV R=11.93k KCL 0.1mM MW=4E+5 DDA=78% 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.20E-03 3.27E+00 0.72 0.63 -0.99211 -0.12533 0.07276617 1.46303E-08 13.6342857 

250 4.00E-03 2.20E-03 3.46E+00 0.71 0.61 -0.95106 -0.30902 0.06849161 1.41675E-08 13.8857377 

500 2.00E-03 1.10E-03 3.46E+00 0.69 0.62 -0.95106 -0.30902 0.07163223 7.40857E-09 13.2769355 

750 1.33E-03 7.50E-04 3.54E+00 0.68 0.69 -0.92354 -0.3835 0.07855176 6.92187E-09 11.7571014 

1000 1.00E-03 5.70E-04 3.58E+00 0.71 0.68 -0.90483 -0.42578 0.07263998 5.4402E-09 12.4563235 

2500 4.00E-04 2.30E-04 3.61E+00 0.71 0.69 -0.89101 -0.45399 0.07258238 2.35438E-09 12.2757971 

5000 2.00E-04 1.20E-04 3.77E+00 0.69 0.7 -0.80902 -0.58779 0.06879647 1.59103E-09 11.7595714 

7500 1.33E-04 7.90E-05 3.73E+00 0.71 0.69 -0.83065 -0.5568 0.06766555 9.62512E-10 12.2757971 

10000 1.00E-04 6.00E-05 3.77E+00 0.61 0.86 -0.80902 -0.58779 0.09560615 1.10552E-09 8.46197674 

25000 4.00E-05 2.40E-05 3.77E+00 0.52 0.98 -0.80902 -0.58779 0.12780267 5.91127E-10 6.33020408 

50000 2.00E-05 1.30E-05 4.08E+00 0.28 1.29 -0.58779 -0.80902 0.22699167 9.94487E-10 2.58945736 

75000 1.33E-05 1.10E-05 5.18E+00 0.18 1.61 0.455145 -0.89042 0.34124223 1.41666E-09 1.33378882 

100000 1.00E-05 8.10E-06 5.09E+00 0.18 1.94 0.368125 -0.92978 0.33257038 1.33686E-09 1.10690722 

250000 4.00E-06 8.80E-07 1.38E+00 0.16 3.42 0.187381 0.982287 0.3357314 1.12043E-09 0.55812865 

300000 3.33E-06 7.50E-07 1.42E+00 0.14 3.89 0.155037 0.987909 0.36108991 1.22067E-09 0.42935733 

 

 

 



 

 

98 

 

 

 

 

 

 

 

 

Nafion N3245 1100EW KCL 10mM 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.20E-03 3.27E+00 4.90E-02 1.72E+00 -0.99211 -0.12533 2.9191325 5.86919E-07 3.39866E-01 

250 4.00E-03 2.15E-03 3.38E+00 4.60E-02 1.72E+00 -0.97237 -0.23345 3.04762612 4.65796E-07 3.19058E-01 

500 2.00E-03 1.15E-03 3.61E+00 4.70E-02 1.74E+00 -0.89101 -0.45399 2.76497896 4.48444E-07 3.22247E-01 

750 1.33E-03 7.20E-04 3.39E+00 5.00E-02 1.74E+00 -0.96837 -0.24951 2.824756 1.54450E-07 3.42816E-01 

1000 1.00E-03 5.15E-04 3.24E+00 5.10E-02 1.75E+00 -0.99556 -0.09411 2.86349036 4.30800E-08 3.47674E-01 

2500 4.00E-04 2.10E-04 3.30E+00 5.00E-02 1.81E+00 -0.98769 -0.15643 2.99700905 3.02190E-08 3.29558E-01 

5000 2.00E-04 1.10E-04 3.46E+00 5.10E-02 1.82E+00 -0.95106 -0.30902 2.84490058 2.94234E-08 3.34302E-01 

7500 1.33E-04 7.50E-05 3.54E+00 5.00E-02 1.85E+00 -0.92045 -0.39085 2.8547177 2.57236E-08 3.22432E-01 

10000 1.00E-04 5.40E-05 3.39E+00 5.00E-02 1.86E+00 -0.96858 -0.24869 3.02022578 1.23419E-08 3.20699E-01 

25000 4.00E-05 2.30E-05 3.61E+00 4.30E-02 1.88E+00 -0.89101 -0.45399 3.26535072 1.05919E-08 2.72867E-01 

50000 2.00E-05 1.10E-05 3.46E+00 4.40E-02 1.89E+00 -0.95106 -0.30902 3.42432526 3.54161E-09 2.77735E-01 

75000 1.33E-05 1.12E-05 5.28E+00 3.00E-02 2.10E+00 0.536941 -0.84362 3.15053202 1.05042E-08 1.70429E-01 

100000 1.00E-05 8.50E-06 5.34E+00 2.90E-02 2.2 0.587785 -0.80902 3.73768696 8.18770E-09 1.57259E-01 

250000 4.00E-06 7.10E-07 1.12E+00 2.70E-02 3.20E+00 0.439939 0.898028 4.37057323 5.67957E-09 1.00659E-01 

300000 3.33E-06 6.60E-07 1.25E+00 2.50E-02 4.30E+00 0.319764 0.947497 4.61017561 7.24711E-09 6.93605E-02 
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Nafion N3245 1100EW KCL 1mM 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.25E-03 3.30E+00 0.23 1.45 -0.98769 -0.15643 0.52193888 1.31569E-07 1.89234483 

250 4.00E-03 2.20E-03 3.46E+00 0.22 1.44 -0.95106 -0.30902 0.52180194 1.07935E-07 1.82263889 

500 2.00E-03 1.10E-03 3.46E+00 0.23 1.43 -0.95106 -0.30902 0.49564883 5.12626E-08 1.91881119 

750 1.33E-03 7.50E-04 3.54E+00 0.24 1.46 -0.92354 -0.3835 0.47093106 4.14978E-08 1.96109589 

1000 1.00E-03 5.40E-04 3.39E+00 0.22 1.45 -0.96858 -0.24869 0.53510843 2.18667E-08 1.81006897 

2500 4.00E-04 2.30E-04 3.61E+00 0.25 1.47 -0.89101 -0.45399 0.43915493 1.4245E-08 2.02891156 

5000 2.00E-04 1.10E-04 3.46E+00 0.21 1.43 -0.95106 -0.30902 0.54285348 5.61447E-09 1.75195804 

7500 1.33E-04 7.50E-05 3.54E+00 0.24 1.41 -0.92045 -0.39085 0.45328288 4.0845E-09 2.0306383 

10000 1.00E-04 6.00E-05 3.77E+00 0.24 1.48 -0.80902 -0.58779 0.41818425 4.83558E-09 1.93459459 

25000 4.00E-05 2.40E-05 3.77E+00 0.2 1.51 -0.80902 -0.58779 0.51199315 2.36813E-09 1.58013245 

50000 2.00E-05 1.20E-05 3.77E+00 0.18 1.67 -0.80902 -0.58779 0.62916009 1.45503E-09 1.28586826 

75000 1.33E-05 1.10E-05 5.18E+00 0.11 1.83 0.455145 -0.89042 0.63469898 2.63494E-09 0.71710383 

100000 1.00E-05 8.10E-06 5.09E+00 6.50E-02 2.10E+00 0.368125 -0.92978 0.99691993 4.00741E-09 0.3692619 

250000 4.00E-06 8.70E-07 1.37E+00 4.00E-02 3.40E+00 0.202787 0.979223 1.44483823 4.44161E-09 0.14035294 

300000 3.33E-06 7.40E-07 1.40E+00 3.30E-02 4.50E+00 0.173648 0.984808 1.98485305 5.97184E-09 0.08748667 
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Nafion N3245 1100EW KCL 0.1mM 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.20E-03 3.27E+00 0.77 0.82 -0.99211 -0.12533 0.08856142 1.78061E-08 11.202561 

250 4.00E-03 2.20E-03 3.46E+00 0.76 0.83 -0.95106 -0.30902 0.08706235 1.80089E-08 10.9238554 

500 2.00E-03 1.20E-03 3.77E+00 0.71 0.85 -0.80902 -0.58779 0.08118537 1.87754E-08 9.96505882 

750 1.33E-03 7.70E-04 3.63E+00 0.73 0.84 -0.88334 -0.46873 0.08520091 9.59398E-09 10.3677381 

1000 1.00E-03 5.70E-04 3.58E+00 0.72 0.83 -0.90483 -0.42578 0.08743206 6.54802E-09 10.3489157 

2500 4.00E-04 2.40E-04 3.77E+00 0.66 0.86 -0.80902 -0.58779 0.08836326 4.08708E-09 9.1555814 

5000 2.00E-04 1.20E-04 3.77E+00 0.64 0.88 -0.80902 -0.58779 0.09324379 2.15641E-09 8.67636364 

7500 1.33E-04 7.70E-05 3.64E+00 0.63 0.91 -0.87947 -0.47595 0.10648374 1.22286E-09 8.25923077 

10000 1.00E-04 5.80E-05 3.64E+00 0.56 1.13 -0.87631 -0.48175 0.14821976 1.29687E-09 5.91221239 

25000 4.00E-05 2.30E-05 3.61E+00 0.36 1.21 -0.89101 -0.45399 0.25102866 8.14272E-10 3.54942149 

50000 2.00E-05 1.30E-05 4.08E+00 0.15 1.29 -0.58779 -0.80902 0.42371778 1.85638E-09 1.3872093 

75000 1.33E-05 1.08E-05 5.09E+00 0.091 1.47 0.369308 -0.92931 0.5000618 2.67026E-09 0.73852381 

100000 1.00E-05 8.00E-06 5.03E+00 0.065 1.6 0.309017 -0.95106 0.63760035 3.12315E-09 0.48465625 

250000 4.00E-06 9.30E-07 1.46E+00 0.041 3.2 0.109734 0.993961 0.71790689 4.13976E-09 0.15285313 

300000 3.33E-06 7.80E-07 1.47E+00 0.035 4.5 0.098897 0.995098 1.06583128 5.68943E-09 0.09278889 
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PFSA 0W KCL  0.1mM 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.20E-03 3.27E+00 0.84 0.77 -0.99211 -0.12533 0.08342707 1.67738E-08 11.892 

250 4.00E-03 2.15E-03 3.38E+00 0.78 0.76 -0.97237 -0.23345 0.08931443 1.36507E-08 10.8870423 

500 2.00E-03 1.10E-03 3.46E+00 0.84 0.79 -0.95106 -0.30902 0.08225947 8.5077E-09 11.5616667 

750 1.33E-03 7.30E-04 3.44E+00 0.8 0.8 -0.95579 -0.29404 0.08800819 5.74546E-09 10.860274 

1000 1.00E-03 5.60E-04 3.52E+00 0.78 0.8 -0.92978 -0.36812 0.08780781 5.53311E-09 10.5887671 

2500 4.00E-04 2.25E-04 3.53E+00 0.81 0.81 -0.92388 -0.38268 0.08401939 2.21556E-09 10.9960274 

5000 2.00E-04 1.15E-04 3.61E+00 0.78 0.82 -0.89101 -0.45399 0.08529908 1.38344E-09 10.4456757 

7500 1.33E-04 7.50E-05 3.53E+00 0.78 0.81 -0.92388 -0.38268 0.09083656 7.98443E-10 10.1707895 

10000 1.00E-04 6.00E-05 3.77E+00 0.72 0.85 -0.80902 -0.58779 0.08730562 1.00954E-09 9.26649351 

25000 4.00E-05 2.40E-05 3.77E+00 0.74 0.96 -0.80902 -0.58779 0.09156518 4.23518E-10 8.83542169 

50000 2.00E-05 1.28E-05 4.02E+00 0.68 1.13 -0.63742 -0.77051 0.09742784 3.74874E-10 6.54252427 

75000 1.33E-05 8.85E-06 4.17E+00 0.62 1.35 -0.51579 -0.85672 0.09989669 3.5211E-10 5.16319328 

100000 1.00E-05 6.80E-06 4.27E+00 0.6 1.54 -0.42578 -0.90483 0.09953468 3.36648E-10 4.27769784 

250000 4.00E-06 2.88E-06 4.52E+00 0.5 2.85 -0.18738 -0.98229 0.10475202 3.49587E-10 1.78880866 

300000 3.33E-06 2.41E-06 4.54E+00 0.48 3.31 -0.16883 -0.98564 0.11570741 3.58362E-10 1.4591411 
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PFSA 1W KCL  0.1mM 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.25E-03 3.30E+00 0.66 0.67 -0.98769 -0.15643 0.10117591 2.55041E-08 9.76208955 

250 4.00E-03 2.15E-03 3.38E+00 0.66 0.67 -0.97237 -0.23345 0.09960674 1.52238E-08 9.76208955 

500 2.00E-03 1.10E-03 3.46E+00 0.67 0.68 -0.95106 -0.30902 0.09740175 1.00738E-08 9.76426471 

750 1.33E-03 7.30E-04 3.44E+00 0.66 0.7 -0.95579 -0.29404 0.10229262 6.678E-09 9.34371429 

1000 1.00E-03 5.60E-04 3.52E+00 0.65 0.69 -0.92978 -0.36812 0.09959571 6.27591E-09 9.33550725 

2500 4.00E-04 2.25E-04 3.53E+00 0.66 0.69 -0.92388 -0.38268 0.09746459 2.57011E-09 9.47913043 

5000 2.00E-04 1.15E-04 3.61E+00 0.64 0.71 -0.89101 -0.45399 0.09974373 1.61771E-09 8.93295775 

7500 1.33E-04 7.50E-05 3.53E+00 0.65 0.71 -0.92388 -0.38268 0.10183257 8.95097E-10 9.07253521 

10000 1.00E-04 5.80E-05 3.64E+00 0.66 0.75 -0.87631 -0.48175 0.10048467 8.79202E-10 8.7208 

25000 4.00E-05 2.40E-05 3.77E+00 0.65 0.82 -0.80902 -0.58779 0.10298749 4.76349E-10 7.8554878 

50000 2.00E-05 1.25E-05 3.93E+00 0.65 1.01 -0.70711 -0.70711 0.11087136 3.52914E-10 6.37772277 

75000 1.33E-05 8.70E-06 4.10E+00 0.6 1.22 -0.57501 -0.81815 0.11797955 3.56227E-10 4.87377049 

100000 1.00E-05 6.76E-06 4.25E+00 0.58 1.45 -0.44838 -0.89384 0.11311383 3.58878E-10 3.964 

250000 4.00E-06 2.87E-06 4.51E+00 0.51 2.88 -0.20279 -0.97922 0.11555517 3.55231E-10 1.75489583 

300000 3.33E-06 2.41E-06 4.54E+00 0.45 3.29 -0.16883 -0.98564 0.12455702 3.8577E-10 1.35547112 
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PFSA 5W KCL  0.1mM 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.25E-03 3.30E+00 0.52 0.7 -0.98769 -0.15643 0.13416554 3.382E-08 7.36171429 

250 4.00E-03 2.15E-03 3.38E+00 0.52 0.71 -0.97237 -0.23345 0.13397164 2.04761E-08 7.25802817 

500 2.00E-03 1.10E-03 3.46E+00 0.53 0.72 -0.95106 -0.30902 0.13037349 1.34839E-08 7.29486111 

750 1.33E-03 7.30E-04 3.44E+00 0.52 0.73 -0.95579 -0.29404 0.13539721 8.83917E-09 7.05917808 

1000 1.00E-03 5.60E-04 3.52E+00 0.51 0.73 -0.92978 -0.36812 0.1342943 8.46241E-09 6.92342466 

2500 4.00E-04 2.25E-04 3.53E+00 0.51 0.73 -0.92388 -0.38268 0.13344256 3.51883E-09 6.92342466 

5000 2.00E-04 1.15E-04 3.61E+00 0.5 0.74 -0.89101 -0.45399 0.13306656 2.15817E-09 6.69594595 

7500 1.33E-04 7.65E-05 3.60E+00 0.51 0.76 -0.89454 -0.44698 0.13451533 1.42631E-09 6.65013158 

10000 1.00E-04 5.80E-05 3.64E+00 0.5 0.77 -0.87631 -0.48175 0.13617682 1.1915E-09 6.43506494 

25000 4.00E-05 2.40E-05 3.77E+00 0.51 0.83 -0.80902 -0.58779 0.13285928 6.14516E-10 6.08927711 

50000 2.00E-05 1.25E-05 3.93E+00 0.53 1.03 -0.70711 -0.70711 0.13866687 4.4139E-10 5.09932039 

75000 1.33E-05 8.76E-06 4.13E+00 0.49 1.19 -0.55165 -0.83408 0.13518783 4.33753E-10 4.08058824 

100000 1.00E-05 6.76E-06 4.25E+00 0.45 1.39 -0.44838 -0.89384 0.13975842 4.43414E-10 3.20827338 

250000 4.00E-06 2.87E-06 4.51E+00 0.39 2.77 -0.20279 -0.97922 0.14533903 4.4679E-10 1.39527076 

300000 3.33E-06 2.41E-06 4.54E+00 0.38 3.26 -0.16883 -0.98564 0.14615673 4.52668E-10 1.15515337 

 

 

 



 

 

104 

 

 

 

 

 

PFSA 10W KCL  0.1mM 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.25E-03 3.30E+00 0.54 0.65 -0.98769 -0.15643 0.11996812 3.02412E-08 8.23292308 

250 4.00E-03 2.15E-03 3.38E+00 0.52 0.64 -0.97237 -0.23345 0.12076317 1.84573E-08 8.051875 

500 2.00E-03 1.10E-03 3.46E+00 0.53 0.67 -0.95106 -0.30902 0.12131978 1.25475E-08 7.83925373 

750 1.33E-03 7.30E-04 3.44E+00 0.52 0.66 -0.95579 -0.29404 0.12241392 7.99158E-09 7.80787879 

1000 1.00E-03 5.60E-04 3.52E+00 0.52 0.65 -0.92978 -0.36812 0.11727756 7.39012E-09 7.928 

2500 4.00E-04 2.25E-04 3.53E+00 0.52 0.65 -0.92388 -0.38268 0.11653375 3.07295E-09 7.928 

5000 2.00E-04 1.13E-04 3.55E+00 0.53 0.68 -0.91775 -0.39715 0.11881902 1.63667E-09 7.72397059 

7500 1.33E-04 7.50E-05 3.53E+00 0.54 0.68 -0.92388 -0.38268 0.11739696 1.03191E-09 7.86970588 

10000 1.00E-04 5.70E-05 3.58E+00 0.54 0.69 -0.90483 -0.42578 0.11666679 8.73748E-10 7.75565217 

25000 4.00E-05 2.39E-05 3.75E+00 0.56 0.79 -0.81815 -0.57501 0.11646574 5.21096E-10 7.02481013 

50000 2.00E-05 1.25E-05 3.93E+00 0.55 0.96 -0.70711 -0.70711 0.12454316 3.96433E-10 5.67760417 

75000 1.33E-05 8.70E-06 4.10E+00 0.54 1.15 -0.57501 -0.81815 0.12356692 3.73097E-10 4.6533913 

100000 1.00E-05 6.75E-06 4.24E+00 0.51 1.38 -0.45399 -0.89101 0.12396013 3.87201E-10 3.6623913 

250000 4.00E-06 2.89E-06 4.54E+00 0.39 2.74 -0.17193 -0.98511 0.12188821 4.44608E-10 1.41054745 

300000 3.33E-06 2.42E-06 4.56E+00 0.38 3.25 -0.15023 -0.98865 0.12964925 4.52656E-10 1.15870769 

 

 

 

 

 



 

 

105 

 

 

 

 

 

 

Chitosan Distance 1 cm KCL 0.1mM 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.25E-03 3.30E+00 0.76 0.52 -0.98769 -0.15643 0.056646 1.42791E-08 17.4361538 

250 4.00E-03 2.20E-03 3.46E+00 0.75 0.52 -0.95106 -0.30902 0.05527235 1.14331E-08 17.2067308 

500 2.00E-03 1.10E-03 3.46E+00 0.75 0.52 -0.95106 -0.30902 0.05527235 5.71655E-09 17.2067308 

750 1.33E-03 7.50E-04 3.54E+00 0.76 0.53 -0.92354 -0.3835 0.05398561 4.75714E-09 17.1071698 

1000 1.00E-03 5.40E-04 3.39E+00 0.74 0.52 -0.96858 -0.24869 0.05705163 2.33136E-09 16.9773077 

2500 4.00E-04 2.30E-04 3.61E+00 0.73 0.52 -0.89101 -0.45399 0.05320114 1.72571E-09 16.7478846 

5000 2.00E-04 1.10E-04 3.46E+00 0.68 0.65 -0.95106 -0.30902 0.07620269 7.88128E-10 12.4806154 

7500 1.33E-04 7.50E-05 3.54E+00 0.62 0.81 -0.92045 -0.39085 0.10079866 9.08289E-10 9.13160494 

10000 1.00E-04 6.00E-05 3.77E+00 0.55 0.91 -0.80902 -0.58779 0.11220079 1.29741E-09 7.21043956 

25000 4.00E-05 2.40E-05 3.77E+00 0.35 1.1 -0.80902 -0.58779 0.21312865 9.85787E-10 3.79590909 

50000 2.00E-05 1.20E-05 3.77E+00 0.25 1.25 -0.80902 -0.58779 0.33906831 7.84149E-10 2.386 

75000 1.33E-05 1.10E-05 5.18E+00 0.14 1.5 0.455145 -0.89042 0.40876398 1.69697E-09 1.11346667 

100000 1.00E-05 8.10E-06 5.09E+00 1.10E-01 1.60E+00 0.368125 -0.92978 0.44882975 1.8042E-09 0.8201875 

250000 4.00E-06 8.70E-07 1.37E+00 1.00E-01 3.30E+00 0.202787 0.979223 0.5609372 1.72439E-09 0.36151515 

300000 3.33E-06 7.40E-07 1.40E+00 9.10E-02 4.10E+00 0.173648 0.984808 0.65580127 1.97311E-09 0.2647878 
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Chitosan Closer membrane KCL  0.1mM 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.25E-03 3.30E+00 5.90E-02 5.30E-01 -0.98769 -0.15643 0.74370952 1.87472E-07 1.32806E+00 

250 4.00E-03 2.20E-03 3.46E+00 5.90E-02 5.30E-01 -0.95106 -0.30902 0.71612649 1.48131E-07 1.32806E+00 

500 2.00E-03 1.10E-03 3.46E+00 5.80E-02 5.30E-01 -0.95106 -0.30902 0.7284735 7.53425E-08 1.30555E+00 

750 1.33E-03 7.50E-04 3.54E+00 5.90E-02 5.30E-01 -0.92354 -0.3835 0.69540783 6.12784E-08 1.32806E+00 

1000 1.00E-03 5.40E-04 3.39E+00 5.60E-02 5.50E-01 -0.96858 -0.24869 0.79739064 3.25846E-08 1.21469E+00 

2500 4.00E-04 2.30E-04 3.61E+00 5.40E-02 5.60E-01 -0.89101 -0.45399 0.77452369 2.51235E-08 1.15039E+00 

5000 2.00E-04 1.10E-04 3.46E+00 5.30E-02 5.70E-01 -0.95106 -0.30902 0.85736326 8.86729E-09 1.10928E+00 

7500 1.33E-04 7.50E-05 3.54E+00 5.20E-02 5.70E-01 -0.92045 -0.39085 0.84573237 7.62083E-09 1.08835E+00 

10000 1.00E-04 6.00E-05 3.77E+00 5.10E-02 5.70E-01 -0.80902 -0.58779 0.7579174 8.76401E-09 1.06742E+00 

25000 4.00E-05 2.40E-05 3.77E+00 4.90E-02 7.80E-01 -0.80902 -0.58779 1.07948279 4.99295E-09 7.49449E-01 

50000 2.00E-05 1.20E-05 3.77E+00 4.90E-02 1.19E+00 -0.80902 -0.58779 1.64690323 3.80872E-09 4.91235E-01 

75000 1.33E-05 1.10E-05 5.18E+00 4.30E-02 1.53E+00 0.455145 -0.89042 1.35747667 5.63553E-09 3.35288E-01 

100000 1.00E-05 8.10E-06 5.09E+00 3.60E-02 1.82E+00 0.368125 -0.92978 1.55999508 6.27086E-09 2.35978E-01 

250000 4.00E-06 8.70E-07 1.37E+00 4.50E-02 3.29E+00 0.202787 0.979223 1.24274975 3.82036E-09 1.63176E-01 

300000 3.33E-06 7.40E-07 1.40E+00 4.40E-02 3.75E+00 0.173648 0.984808 1.24053316 3.73240E-09 1.39979E-01 
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Chitosan Distance 1 cm KCL  0.01mM             

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.25E-03 3.30E+00 0.69 0.27 -0.98769 -0.15643 0.03239621 8.16633E-09 30.4877778 

250 4.00E-03 2.20E-03 3.46E+00 0.66 0.27 -0.95106 -0.30902 0.03261262 6.74593E-09 29.1622222 

500 2.00E-03 1.10E-03 3.46E+00 0.66 0.26 -0.95106 -0.30902 0.03140475 3.24804E-09 30.2838462 

750 1.33E-03 7.50E-04 3.54E+00 0.65 0.26 -0.92354 -0.3835 0.03096533 2.72862E-09 29.825 

1000 1.00E-03 5.40E-04 3.39E+00 0.64 0.25 -0.96858 -0.24869 0.0317144 1.29598E-09 30.5408 

2500 4.00E-04 2.30E-04 3.61E+00 0.63 0.25 -0.89101 -0.45399 0.02963739 9.6136E-10 30.0636 

5000 2.00E-04 1.10E-04 3.46E+00 0.64 0.26 -0.95106 -0.30902 0.03238614 3.34954E-10 29.3661538 

7500 1.33E-04 7.50E-05 3.54E+00 0.53 0.31 -0.92045 -0.39085 0.04512812 4.06646E-10 20.3964516 

10000 1.00E-04 6.00E-05 3.77E+00 0.43 0.39 -0.80902 -0.58779 0.06150541 7.11205E-10 13.1535897 

25000 4.00E-05 2.40E-05 3.77E+00 0.24 0.67 -0.80902 -0.58779 0.18931314 8.75633E-10 4.27343284 

50000 2.00E-05 1.20E-05 3.77E+00 0.13 1.15 -0.80902 -0.58779 0.59989009 1.38734E-09 1.3486087 

75000 1.33E-05 1.10E-05 5.18E+00 0.095 1.45 0.455145 -0.89042 0.58230939 2.41744E-09 0.78162069 

100000 1.00E-05 8.10E-06 5.09E+00 0.084 1.8 0.368125 -0.92978 0.6612224 2.65798E-09 0.55673333 

250000 4.00E-06 8.70E-07 1.37E+00 0.086 3.3 0.202787 0.979223 0.65225255 2.0051E-09 0.31090303 

300000 3.33E-06 7.40E-07 1.40E+00 0.084 3.73 0.173648 0.984808 0.64633747 1.94464E-09 0.26866488 
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Chitosan Closer membrane KCL  0.01mM 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.25E-03 3.30E+00 8.90E-02 2.30E-01 -0.98769 -0.15643 0.21395247 5.39324E-08 4.61639E+00 

250 4.00E-03 2.20E-03 3.46E+00 8.70E-02 2.40E-01 -0.95106 -0.30902 0.21991653 4.54898E-08 4.32463E+00 

500 2.00E-03 1.10E-03 3.46E+00 8.80E-02 2.30E-01 -0.95106 -0.30902 0.20835842 2.15495E-08 4.56452E+00 

750 1.33E-03 7.50E-04 3.54E+00 8.60E-02 2.25E-01 -0.92354 -0.3835 0.20253486 1.78471E-08 4.55991E+00 

1000 1.00E-03 5.40E-04 3.39E+00 8.50E-02 2.35E-01 -0.96858 -0.24869 0.22446333 9.17248E-09 4.31511E+00 

2500 4.00E-04 2.30E-04 3.61E+00 8.30E-02 2.45E-01 -0.89101 -0.45399 0.2204593 7.15113E-09 4.04159E+00 

5000 2.00E-04 1.10E-04 3.46E+00 8.00E-02 2.85E-01 -0.95106 -0.30902 0.28400158 2.93729E-09 3.34877E+00 

7500 1.33E-04 7.50E-05 3.54E+00 7.80E-02 3.05E-01 -0.92045 -0.39085 0.301694 2.71854E-09 3.05095E+00 

10000 1.00E-04 6.00E-05 3.77E+00 7.20E-02 3.55E-01 -0.80902 -0.58779 0.33435903 3.86629E-09 2.41961E+00 

25000 4.00E-05 2.40E-05 3.77E+00 6.80E-02 6.55E-01 -0.80902 -0.58779 0.65320513 3.02128E-09 1.23853E+00 

50000 2.00E-05 1.20E-05 3.77E+00 6.70E-02 1.14E+00 -0.80902 -0.58779 1.15384441 2.66845E-09 7.01149E-01 

75000 1.33E-05 1.10E-05 5.18E+00 6.70E-02 1.52E+00 0.455145 -0.89042 0.86267503 3.58138E-09 5.27597E-01 

100000 1.00E-05 8.10E-06 5.09E+00 6.60E-02 1.84E+00 0.368125 -0.92978 0.86025703 3.45806E-09 4.27924E-01 

250000 4.00E-06 8.70E-07 1.37E+00 7.20E-02 3.31E+00 0.202787 0.979223 0.78144028 2.40224E-09 2.59505E-01 

300000 3.33E-06 7.40E-07 1.40E+00 7.10E-02 3.74E+00 0.173648 0.984808 0.76673103 2.30687E-09 2.26479E-01 
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Chitosan Distance 0.5cm KCL  0.1mM 

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.25E-03 3.30E+00 0.415301 0.52 -0.98769 -0.15643 0.103662177 2.61308E-08 9.527952911 

250 4.00E-03 2.20E-03 3.46E+00 0.409836 0.52 -0.95106 -0.30902 0.101148408 2.09226E-08 9.40258513 

500 2.00E-03 1.10E-03 3.46E+00 0.409836 0.52 -0.95106 -0.30902 0.101148408 1.04613E-08 9.40258513 

750 1.33E-03 7.50E-04 3.54E+00 0.415301 0.53 -0.92354 -0.3835 0.098793662 8.70556E-09 9.348180215 

1000 1.00E-03 5.40E-04 3.39E+00 0.404372 0.52 -0.96858 -0.24869 0.104404492 4.26639E-09 9.277217325 

2500 4.00E-04 2.30E-04 3.61E+00 0.398907 0.52 -0.89101 -0.45399 0.097358083 3.15804E-09 9.151849521 

5000 2.00E-04 1.10E-04 3.46E+00 0.371585 0.65 -0.95106 -0.30902 0.13945093 1.44227E-09 6.820008399 

7500 1.33E-04 7.50E-05 3.54E+00 0.338798 0.81 -0.92045 -0.39085 0.184461554 1.66217E-09 4.989948051 

10000 1.00E-04 6.00E-05 3.77E+00 0.300546 0.91 -0.80902 -0.58779 0.20532744 2.37426E-09 3.940130906 

25000 4.00E-05 2.40E-05 3.77E+00 0.191257 1.1 -0.80902 -0.58779 0.390025435 1.80399E-09 2.074267267 

50000 2.00E-05 1.20E-05 3.77E+00 0.136612 1.25 -0.80902 -0.58779 0.620495012 1.43499E-09 1.303825138 

75000 1.33E-05 1.10E-05 5.18E+00 0.076503 1.5 0.455145 -0.89042 0.74803809 3.10546E-09 0.608451729 

100000 1.00E-05 8.10E-06 5.09E+00 0.060109 1.60E+00 0.368125 -0.92978 0.821358443 3.30169E-09 0.448189894 

250000 4.00E-06 8.70E-07 1.37E+00 0.054645 3.30E+00 0.202787 0.979223 1.026515063 3.15563E-09 0.197549264 

300000 3.33E-06 7.40E-07 1.40E+00 0.049727 4.10E+00 0.173648 0.984808 1.200116315 3.6108E-09 0.14469279 
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Chitosan Distance 0.5cm KCL  0.01mM             

f  T t ∆Φ Vm VR cos∆Φ sin∆Φ Geff (mS) Ceff(F) Z (kΩ) 

100 1.00E-02 5.25E-03 3.30E+00 0.381215 0.27 -0.98769 -0.15643 0.058637133 1.47811E-08 16.84407614 

250 4.00E-03 2.20E-03 3.46E+00 0.364641 0.27 -0.95106 -0.30902 0.059028845 1.22101E-08 16.11172499 

500 2.00E-03 1.10E-03 3.46E+00 0.364641 0.26 -0.95106 -0.30902 0.056842591 5.87895E-09 16.73140672 

750 1.33E-03 7.50E-04 3.54E+00 0.359116 0.26 -0.92354 -0.3835 0.056047247 4.93881E-09 16.47790055 

1000 1.00E-03 5.40E-04 3.39E+00 0.353591 0.25 -0.96858 -0.24869 0.057403065 2.34572E-09 16.87337016 

2500 4.00E-04 2.30E-04 3.61E+00 0.348066 0.25 -0.89101 -0.45399 0.053643669 1.74006E-09 16.60972374 

5000 2.00E-04 1.10E-04 3.46E+00 0.353591 0.26 -0.95106 -0.30902 0.058618922 6.06267E-10 16.22439438 

7500 1.33E-04 7.50E-05 3.54E+00 0.292818 0.31 -0.92045 -0.39085 0.081681902 7.36029E-10 11.26875781 

10000 1.00E-04 6.00E-05 3.77E+00 0.237569 0.39 -0.80902 -0.58779 0.111324801 1.28728E-09 7.267176661 

25000 4.00E-05 2.40E-05 3.77E+00 0.132597 0.67 -0.80902 -0.58779 0.342656786 1.5849E-09 2.361012615 

50000 2.00E-05 1.20E-05 3.77E+00 0.071823 1.15 -0.80902 -0.58779 1.085801072 2.51109E-09 0.745087673 

75000 1.33E-05 1.10E-05 5.18E+00 0.052486 1.45 0.455145 -0.89042 1.053979997 4.37557E-09 0.431834636 

100000 1.00E-05 8.10E-06 5.09E+00 0.046409 1.8 0.368125 -0.92978 1.196812546 4.81094E-09 0.307587478 

250000 4.00E-06 8.70E-07 1.37E+00 0.047514 3.3 0.202787 0.979223 1.180577124 3.62924E-09 0.171769629 

300000 3.33E-06 7.40E-07 1.40E+00 0.046409 3.73 0.173648 0.984808 1.169870809 3.5198E-09 0.148433636 
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Abstract

An Electrochemical Impedance Spectroscopy (EIS) technique was used to measure 

electrical properties of membranes as a function of frequency. A small signal of AC 

potential was applied to a charged chitosan membrane with amplitude of 2V over range of 

100–300 kHz frequency. In this research, we improve experimental set up by adjusting 

calomel electrode from vertical become horizontal to closer membrane. The membrane 

made from 400K MW chitosan with 78% DDA. The properties were compared among 

chitasan in various KCl concentrations, ranging from 0.01-0.1 mM. The results showed 

that the impedance after improvement were 1.31 and 4.47 kΩ at KCl 0.1 mM and 0.01 

mM, respectively. While the conductance and capacitance of membranes were greater than 

that before improvement about 90 % in every KCl concentrations tested and vice versa was 

the case for membrane impedance. 

  

Keyword: Electrochemical Impedance Spectroscopy, Chitosan membrane, Calomel 

electrode

Introduction

An electrochemical impedance 

spectroscopy (EIS) is the method for measuring 

changes in the electrical properties of synthetic 

membranes or investigating ion-transport 

characteristics of ion-exchange membrane 

systems [1-3]. Membrane ionic conductivity 

and capacitance was studied by using the 

electrochemical impedance spectroscopy. By 

applying physically-sound equivalent circuit 

models wherein physiochemical processes 

occurring within the membrane in electrolyte 

solutions are represented by a parallel network 

of resistors (R) or ionic conductivities (G) and 

capacitors (C) for membrane-electrolyte or 

using effective value of resistors (Reff) or ionic 

conductivities (Geff) and capacitors (Ceff) 

connected in parallel as shown in Figure 1 

[4].An electrochemical impedance 

spectroscopy (EIS) can be displayed by 

presented with impedance, ionic conductivity 

and capacitance spectrums versus frequency or 

Nyquist plots. Chitosan membrane is an ion-

exchange membrane which is studied electrical 

properties with electrochemical impedance 

spectroscopy (EIS), before and after improved 

measurement. Chitosan is the N-deacetylated 

derivative of chitin, e.g. Figure 2 illustrates the 

molecular structures of segments chitosan. 

Chitosan can also act as a cationic 

polyelectrolyte because of its free amino 

groups. [5] So, chitosan membrane would 

affect anion diffusion through the membrane.  
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Figure 1. Equivalent circuit models of 

membranes in electrolyte solutions 

 This study aims to improve experimental 

set up of electrochemical impedance 

spectroscopy (EIS) by adjusting calomel 

electrode from vertical become horizontal to 

closer membrane in order to decrease a 

disturbance from impedance of electrolyte 

solutions (Zelec) and to get exact values of 

impedance within membrane only (Zmem) 

[1,4].Consultation in Figure 1.After that, 

chitosan membrane before and after improved 

measurement of EIS were investigated and 

compared at KCl 0.01mM and 0.1mM of 

electrolyte solutions. 

Figure 2. Segments of chitosan [5] 

Materials and Methods 

Membranes preparation

Chitosan membranes were prepared 

by chitosan flakes (MW 400,000 Fluka) which 

were dissolved in 1% acetic acid to make up a 

1% (w/v) chitosan solution and degree of 

deacetylation (DDA) of chitosan at 78%. The 

membranes were dried at temperature about 45
o

and were then ready for circle samples of the 

membranes of a size of diameter about 4.5 cm

were used to studied electrical properties by 

before and after improvement of EIS. 

Electrochemical impedance spectroscopy 

measurement system 

Electrochemical impedance spectroscopy 

measurement of equivalent circuit models of 

membranes in electrolyte solutions was 

estimated from Figure 1, so equations are: 

effeff

eff
CjG

Z
ω+

=
1

(1) 

From equations (1), it showed that Impedance 

value was functioned with ionic conductivities 

(Geff) and capacitors (Ceff) that these can be 

obtained from Impedance spectrums, which 

were described in the following order.  

Recently, P.Wanichapichart, and L.Yu 

have studied to verify the changed in the 

electrical properties of membranes, membrane 

electrochemical impedance spectroscopy was 

studied using the four-point probe method and 

used frequency range from 100 Hz to 300 kHz 

and 2 V amplitude of the applied AC signal 

from function generator. Before improvement 

of experimental set up of EIS show in Figure 

3a. In this study need to improve experimental 

set up of electrochemical impedance 

spectroscopy (EIS) by adjusting calomel 

electrode from vertical become horizontal to 

closer membrane in order to decrease a 

disturbance from impedance of electrolyte 

solutions (Zelec) and to get exact values of 

impedance within membrane only (Zmem). 

After improvement of experimental set up of 

EIS show in Figure 3b.  

By two membrane sides were in contact 

with the same KCl concentration at 0.01mM 

and 0.1mM of electrolyte solutions A pair of 

calomel electrodes measured voltage across the 

test membrane and the Ag/AgCl electrodes 

conveyed a signal from a function generator to 

the membrane chambers. 
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Figure 3. Electrochemical impedance 

spectroscopy studies. (a and b) Before and after 

improvement of experimental set up of EIS of a 

two-chamber system for Z, Geff, and Ceff

estimations. In the chamber system, the left 

chamber is Chamber I and the right one is 

Chamber II. (c) The circuit diagram of a 

membrane in an electrolyte. Load R is inserted 

in the circuit to estimate current mI  through 

the membrane. (d) The phase diagram for 

conductive and capacitive current of the 

membrane. φ∆  is the phase angle between mV

and RV , and ω=2πf.[6–7] 

The method cancelled out any stray 

capacitive potential at the electrode/solution 

interfaces. The load R of 11.93 kΩ in Figure 3c

was inserted in the circuit in order to estimate 

current mI  from the voltage drop ( RV ). The 

effective values of conductance and 

capacitance (Geff and Ceff) represented 

electrical parameters of the membrane and the 

electrolyte between two calomel electrodes. 

These values were deduced from the phase 

diagram shown in Figure 3d Hence, the 

relations obtained are: 

R

m

m

m

V

RV

I

V
Z == (2) 

Z
Geff

φ∆
=

cos
(3) 

Z
Ceff ω

φ∆
=

sin
(4) 

The impedance Z  was estimated from Ohm's 

law, and varied with the frequency and mV . The 

phase angle ( φ∆ ) between mV  and RV  was 

recorded via an oscilloscope and presentation 

of impedance spectrums in a Nyquist plots 

form by Scilab version 5.1. 

Results and Discussion 

Impedances of membrane.

Impedance studies were explained in 

equations (2) of chitosan membranes at before 

and after improvement of experimental set up 

of EIS at KCl 0.1mM and 0.01mM of 

electrolyte solutions were displayed in Figure 

4. The results showed at frequency 0.1-1kHz; 

impedance membrane after improvement was 

about 1.31 and 4.47 kΩ, respectively that was 

less than before improvement about 17.19 and 

30.10 kΩ at KCl 0.1 mM and 0.01 mM. 

Impedance membranes have been influenced 

by the concentration of electrolyte solutions 

(KCl) that impedance membranes at KCl 

0.01mM were larger than KCl 0.1mM, which 

were displayed in Figure 4. 

Conductance of membrane.

Conductance studies were explained in 

equations (3) of chitosan membranes at before 

and after upgrading experimental set up of EIS 

and were displayed in Figure 5. The results 

showed at frequency 0.1-1kHz were interested; 

conductance membranes after improvement 

were about 0.21 and 0.74 mS, respectively, 

which were greater than before improvement 

which were about 0.056 and 0.032 mS at KCl 

0.1 mM and 0.01 mM and effected by the 

concentration of electrolyte solutions (KCl) for 

conductance membranes that were at KCl 

0.1mM and were greater than KCl 0.01mM, 

that was showed in Figure 5. 
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Capacitance of membrane.

The results showed in Figure 6, 

capacitance of membrane was studied at 

frequency 0.1-1kHz and was explained in 

equations (3) of chitosan membranes at before 

and after improvement of experimental set up 

of EIS. It was found that after improvement 

were about 1.68x10
-7

 and 4.97x10
-8

 F, 

respectively, which were greater than that 

before improvement about 1.29x10
-8

and 

7.46x10
-9

 F at KCl 0.1mM and 0.01mM and 

effected by the concentration of electrolyte 

solutions (KCl) for capacitance membranes, 

which were resulted in same conductance 

membranes as showed in Figure 6.

Impedances spectrums in a Nyquist plots 

form. 

Nyquist plots of before and after 

improvement of experimental set up of EIS 

were displayed in Figure 7. The results 

indicated that the impedance spectra at before 

improvement were larger than that after 

improvement and KCl 0.01 mM were larger 

than at KCl 0.1 mM were in line with results in 

the past. Nyquist plots can estimation from 

equivalent circuit models in Figure 1 and

equations (1). 

Figure 4. Impedance spectrums: before and 

after improvement of experimental set up of 

EIS at KCl 0.1mM and 0.01mM.

Figure 5. Conductance spectrums: before and 

after improvement of experimental set up of 

EIS at KCl 0.1mM and 0.01mM. 

Figure 6. Capacitances spectrums: before and 

after improvement of experimental set up of 

EIS at KCl 0.1mM and 0.01mM. 

Figure 7. Nyquist plots of membranes: before 

and after improvement of experimental set up 

of EIS at KCl 0.1mM and 0.01mM.

Impedance, Conductance and Capacitance 

studies of chitosan membranes before and after 

improvement of experimental set up of EIS at 

KCl 0.1mM and 0.01mM were compared and 

were showed in Table 1. As the results, after 

improvement of experimental set up of EIS was 

more effective than that before improvement of 

experimental set up of EIS because of adjusting 

calomel electrode to closer membrane has been 

influenced to decreasing of disturbance from 

impedance of electrolyte solution (Zelec) and 

then, exact values of impedance within 

membrane (Zmem) are analyzed from the 

equivalent circuit model. Thus, Impedances of 

membrane after improvement were less than 

that before improvement and were influenced 

of the concentration of electrolyte solutions 

(KCl) by impedance, conductance and 

capacitance studies. In conclusion, for high 

concentrations of electrolyte solution were 

greater than that low concentrations electrolyte 

solution. Because at high concentrations of 
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electrolyte solutions have charges-density 

greater than low concentrations of electrolyte 

solutions. Therefore, the transporting charges 

have increased. As a result, conductance and 

capacitance have increased too. [8]

Table 1: Electrical properties: before and after 

improvement EIS. 

Electrical 

properties 

KCl 0.1mM KCl 0.01mM 

Before 

improvement 

  

Impedances 17.19 kΩ 30.10 kΩ
Conductance 0.056 mS 0.032 mS 

Capacitance 1.29x10
-8

 F 7.46x10
-9

 F 

After 

improvement 

  

Impedances 1.31 kΩ 4.47 kΩ
Conductance 0.74 mS 0.21 mS 

Capacitance 1.68x10
-7

F 4.97x10
-8 

F 

Conclusions 
An electrochemical impedance 

spectroscopy (EIS) for measuring changed in 

the electrical properties of synthetic membranes 

or investigating ion-transport characteristics of 

ion-exchange membrane systems. From results 

in the past, it was confirmed that, after 

improvement of experimental set up of EIS was 

more effective greater than that before 

improvement and effected of the concentration 

of electrolyte solution (KCl) was showed for a 

high concentration of electrolyte solution was 

more effective greater than a low concentration 

of electrolyte solution.
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