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�
������� AIBN 
�������
�!��!��!"����#�
#�������"

������ ���
#�
�!��!����!$ ���
�!%���

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

 

�-� 4.29 ���/��&���!��$&�!)��0�1��
$���/�3��$�!�$&��)*��5"�"�"����$�3��%�1��!"���/�3��$

�#�)#� 70 �C )#���
��'� ����#�:AIBN ��8� (A) 1:0.5 (B) 1:1 (C) 1:2 

(B) 70-1 

(C) 70-2 

(A) 70-0.5 



���������	
 ���
������������
���������� 

53

�3�$����$�"�0?��������!��� (core-shell morphology) +��%
���
3���D�$�����
�� �
���$�
�

��(�3'�
������$��$���
���/�3
������
���������"�
-!
��
��'� AIBN �E"����
�'�� AIBN �����'

�
�����)#���F�/-
")*��5"�"�"��  45 �C G��$��8���F�/-
")#�3������$��*� ��"
�F��!"����#�)#��
�&�$�
�

������$���
�� 

�
�����!#�����)*��5"�"�"��)#���F�/-
"�-$������8� 70 �C G��$��8���F�/-
"���")#� AIBN �����'�!%

'��$�'����5"�"�"�� ����#�&�$)*��5"�"�"���
�
�� ��'��!��?F%���/�3��$3!���3!�$������
#��!�����

!"����#�)#�����!%��(�,�
�'�� 3��)#���
��'� 1:1 &%��(���8����/�3���-��!���
#3'�
���
������ ���

���
���-��!���
#3'�
�
�*���
����� ��$�
(
�(
#�����$
-
#���
�!(� ��$�
(

#������
-
#���


+��� �!%��"�
&������������$ +���F#��
��'� 1:2 �
�����"�
�������5"�"�"��
#�!+�����
#3'�
���

���$H���
������ &������
������ ���)#���
��'� 1:0.5 &%�
����/�3���-��!���)#�
#���
�
�*���
� 

��%&����'
# �����$&��&*��'� AIBN ����!$ 3'�
�����'���$�%������!$ )*��5"�"�"���
�

��%�")E"/��
# �
���!"����#�)#�
#���
+��� &�$3'��!�����
��'��
��
!��$����#�����������5"�"�"�� 

1:0.5 ��J������� ���/-
" 4.1 ��
$/����
�����$�-��3�$����$���-��!��� 

 

 
 /���3�$����$��
$�$31��%���������/�3��$          /����
���)#���(�+� SEM �������$��
$ 

)#�!��

�'�������$,�����$���!
��$��$�"'           �$31��%������/�3��$ PS �!%���!
��$��$�"' 

 
 

���/-
" 4.1 ��
$!��?F%���/�3��$�����!����!"����#� �
� Admicella polymeization 

 

 ���&���#���$�
�
*���"������'&'"�3��%�1(������"�-&�1�������5��$��!"����#�)
�'� 

UV spectroscopy �
������
-
�!��3!�����$ 247 nm ����3����%
�F�
�'����"
��!"����#�&�

�

 &�$�
�����5����#���!��
����)#�&%��'&'�
�
�  

substrate 

M 
M M 

M 
M + Water 

substrate 

M 
M M 

M 
M 

   Admicellar  

 

Polymerization of 

       Styrene 
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�����$&�� V50 &%)*�$���
�
#+�/�'%
��$ &�$��!#���
�+,� V50 �)� AIBN 
-�-� 4.30 

��
$��'����$)#��
��!�$ admicellar polymerization �������3'�
���
�������#�+��!
!$
�$�-� 

4.30 � (�-��'�) ��8�/�'%)#�)*������$�3��%�1�
�+,���"
�F����#�������#�$ 50 �
�3��
!��1 

����3"
��8���!"����#� 0.011 wt% ���/�3
#���
�!(�
��&�"$H (��"
�����%�&"$��$��8��#RT�


�'$ �!%��$��8����������
#�' +� 
#3'�
��D#��) �
�����"�
��"
�F����#�
������ (�-�G���) &%

��(���"
�F�%�����'������$��!"����#�
�� ����%����(��'�!��+���*��
�
# 
 

                   �        � 

�-� 4.30  !��?F%�����'����$/���!�$�����$�3��%�1��� Admicellar polymerization )#�3'�


���
�������#����� (�) �!%)#�3'�
���
����-$ (�) 

 

�����$&������3!���3'�&%
#3'�
�
�*���
� &�$0��?����������
��'�3'�
���
���

��$����#�+���-$�'�� V50 
��H (�����+���
���!"����#������'���� �!%
#��"
�F
��&%�
����

�R����
�+����(��
�$�������) �
���!#��� [Styrene]:[initiator V50] = 1:1, 5:1, 30:1, 77:1 �
�

��!#��� [styrene] &�� 7.5 mM-560 mM (3"
��8� PS 1.6 - 55 wt%) �'
)��$+�/�'%)#�
#�!%�
�


#��!�� 
�$��
$��'����$+��-� 4.31-4.34  

&���-� 4.31  ��
$+����(�'��&����$�����#��!��$�!%�
(
��!"����#��#+� �����


����!%��
�����!���)#���'����+���"
�F
��D�$ 80 wt% 
�'��3����$��
/��+� (internal 

mixer) ��'����$)#��
��(&%
#�#��$��$3����!��$��*���! 3������$���(�
�,"��$��)#���8��#��$ �#��'��$

�!���"�)��$��$�
�+,���"
�F
���(��$�
���
��D)*�+���
���!"�
��1��
��8��#��'�
�����
���+,�

�)3�"3 admicellar polymerization )#���
��'��
��
!��$����#���� V50 ��8� 1:1 �
�+,�����#� 

7.5 mM (3"
��8� PS 1.6 wt%) &%�
�������$)#�
#�#��!��$��' �
����
��
������$�(&%�
������#+� 

�
���(���8��#��!��$ ���D����"
��!�� NaBr 0.001 M )*�+����$
#�#��!��$���
���� �
����
��
�(+��

����+� 
#�#3!�*��'��  

�
���+,���"
�F����#���"�
������8� 50 mM �
���!#��� [Styrene]:[initiator V50] = 

1:1, 5:1 �!% 30:1 +��-� 4.32 &����$�#��!��$�
���!#�������8��#��' ����$��$ �
��^��%�
���
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��������
��
&%�
������#+� �
�
#��"
�F����#���%
�F 9.9 wt% �
���*����� ��'�+��� 90 

wt%3����$���� (�)#�������$������
��!��� �-� 4.31)  

     
�-� 4.31 (G���) ���#���)#��!��?F%��$�
(
��!"����#�)#�+�+�D�'�)�$G��� ��$����+�D�'�

)�$�'� �!%�
����*�)��$��$
���
��� �!�'�*�
�&*��'� 4 phr 
���
�����$���� 20 wt%

�!%��!��� 80 wt% &%�
�,"��$����8�����
���!��$)  �'� (��
$��'����$�
(
�!���"���!"���

�#�)#�+� ������$���� �!%��'����$)#��
�&�� Admicellar polymerization �
���
# [styrene] = 7.5 

mM )#���
��'� [styrene]:[initiator] = 1:1 (�D'�!�$) ��'����$)#��
�&�������$�3��%�1�
����
�
#

��!�� �!%)#��
��!�$&����
�����-� (�D'!��$) ��'����$&�������$�3��%�1�
���
#��!�� [NaBr] 0.001 

M �!%)#��
��!�$&����
�����-�
�'�3'�
���� (compression molding )#� 150 �C �
���%
�F) 

 

  

�-� 4.32  (�D'��) ��$�����!���

��!"����#� �!�$�����$ ���#�
)#�

/�'% [styrene] 50 mM �
� mole 

ratio ��$ styrene:V50 = 1:1 5:1 

�!% 30:1 (�D'!��$) �!�$&���*���

�
��
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 �
�����"�
3'�
���
�����$����#���8� 100 mM (18 wt% PS) 
�$+��-� 4.33 ��$���

��!�����!"����#���"�

#�#��'���� �
��^��%�
�����
��'��
! styrene:V50 ��"�
�
������'�� 30:1  

�!%�
�����������
��

�'�3'�
�����(��
��D��!�
�
# �����8�����)#�
#�#��')��������
��"
�F

��
��'��
!��$����#���� V50 �
�����"�
����#���8� 560 mM (55 wt% PS) &%
#!��?F%��
���

��$��($
���'����$ 
#��!(
��$��($�#��'���%��-������� G��$�
�����������
��
�(��$+������

��'�'�
#3'�
��8�������
#�'
��)��$)#�
#����#��-$D�$ 50 wt% (�)#������-� 4.31 �) �������

��%�'�����
��
3'�
�����
�$����#�)*�+����$��!#�����
�� �!����8�
#�
���"�"�0?��� 

thermoplastic elastomer ������8���!"����#�)#�
#3'�
���#�' �����'���!%
#�#��'�
�*���
�  

G��$��&�)#���
���� high impact polystyrene (HIPS) �
��
����$��$�3��%�1��8� copolymer 

 
�-� 4.33 (�D'��) ��$�����!�����!"����#� �!�$�����$ ���#�
)#�/�'% [styrene] 50 mM 

�
� mole ratio ��$ styrene:V50 = 1:1 5:1 30:1 �!% 77:1  (�D'!��$) �!�$&���*����
��
 

 �
������#���)#����$�����!�����!"����#���
!*�
����"
�F����#���"�
���� (50 100 

140 �!% 175 mM ���� 9.9-28 wt% PS) �
�+����
��'��
��
!��$����#���� V50 3$)#���8� 

2:1 
�$�-� 4.34 &%��(�'����$
#�#��'�
�&%��"�
)����$�
�����"
�F����#���8� 100 mM �����



�'�3'�
������8������(
#3'�
�
�*���
��!%�
���
$��������
�/�� �
��^��%)#� 150 �C D��

��8���$E��

��(&%�����
�/���,��
#�#3!�*� ���#�'�!%��8���� ����!)#��
�&����� admicellar 

polymerization �
�
#�`����,�������!%�!����$���
��8�
#�����
����
����3'�
���� ��
$'��
#

3'�
��������
�&���%
�����/�3��*��'���
3���D�$�%
���
�!��! (�����)3���!�#)   
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  (�) 

 

 

 

 

 

 

 

 

(�) 

�-� 4.33 (�) ��$�����!�����!"����#� �!�$�����$ ���#�
)#�/�'% [styrene] ���$H �
� mole ratio 

��$ styrene:V50 = 2:1 (�) ��
$��'����$ Admicellar polymerization )#������$�!�$&����$�3��%�1�
�

(��) �!%)#���������
��

�'�3'�
���� (!��$) )#� (G���) [styrene] = 138 mM (�'�) 175 mM ���� PS 

23 wt% �!% 28 wt% ��
!*�
��   
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���������
��'�����#���� V50 +���-$������8� 25:1 (���� 1:0.04) ��!#���3'�
���
���

��$����#���8� 50-300 mM &%�
��3�$����$�����!����
�
#��!��������
��"
�F����#�
�$

+��-� 4.35 �!%�-� 4.36 ��8�!��?F%��'����$)#��
��!�$�����$�!�'�
���$�3��%�1)#���"
�F��"�


��8� 4 �)�� (��$ 4 g ��"
��� 80 ml) &%��(���J�������$�#��$�����!�����!"����#���!#���

&����$��!��$��8���$��'��
��"
�F����#� ������#�'�"
)#��"'�(!
!$��
��� 
 

 
�-� 4.35  ��$�����!�����!"����#�)#��
�&�������$�3��%�1�
���"
����#� 50 �!% 300 mM 

�
�+,��!��$&�!)��0�1E��

� �*�!�$���� 800x  

 
�-� 4.36 ��
$��'����$ Admicellar polymerization )#���
��'� [styrene]:[initiator] = 1:0.04  

�-����Fb����$��$�����!�����!"����#�)#�'"�3��%�1
�'� SEM �
�0��?��!��%)�

��$��"
�F����#� ��!�� ��
$+��-� 4.37-4.38 �,���
#�'�����F# SDS �
�����"
�F����#��
�


����� /����
�'�$&%�
���
$�������R�+����(� �
���3'�
���
�������#��
������'�� 100 

mM &%��"�
��(��
(
���/�3��$���%�!��
��#�$,"
��$�
��!�
�'
��8�������
#�'G��$
#!��?F%3!��� 

�-����Fb����$ Polystyrene-g-Polyisoprene
7
 �
���
#��!��&%��(����/�3,�
���� 3'�
�����$

��!�����!"����#������/�3)#���(��#�
#3�� 300-500 nm 

                                                
7 Jieming Li, Mario Gauthier, Steven J. Teertstra, Hui Xu and Sergei S. Sheiko 2004 “Synthesis of arborescent 

polystyrene-g-polyisoprene copolymers using acetylated substrates” Macromolecules, 37, 795-802 

SR 50mM 
SR 300mM 
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�-� 4.37  SEM micrograph ��$��$�����!�����!"����#�&�������$�3��%�1)#�/�'% 

Styrene: V50 = 25:1 )#���"
�F����#����$H 

 

 
�-� 4.38  SEM micrograph ��$��$�����!�����!"����#�&�������$�3��%�1)#�/�'% 

Styrene: V50 = 25:1 �
���
#��!�� [NaBr] 0.3 mM 

 

 

SR200mM SR200mM, NaBr0.3mM

SR300mM SR300mM, NaBr0.3mM

Natural Rubber SR 50mM SR 100mM

SR 200mM SR 300mM

Polystyrene film

Natural rubber

SR 300mM with 5000x 
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4.6.2 �����'&'"�3��%�1�
���"��$��$�����!�����!"����#�&�� admicellar polymerization 

��'����$��$�����!�����!"����#�)#�&%0��?������+���'��#� �
������'����$)#����#�


&���/�'%
�$�#�   

1. �/�'%
��$ [CTAB] 1,000 �M, 2:1 Styrene: V50 molar ratio �!%��"
�F��$ 1g +�

��"
���)��$�

 21 ml ��!�� [NaBr] 1 mM (��8�/�'%)#��
����0��?����
-
���%����$ 

0.01 g)  

2. �/�'%
��$+�
� [CTAB] 2,800 �M, 25:1 Styrene: V50 molar ratio �!%��"
�F��$ 4 g 

+���"
���)��$�

 80 ml (��8�/�'%)#��
����0��?����
-
���%����$ 1 g �!�'��"�
��"
�F

��8� 4 �)��) ��!�� [NaBr] 0.3 mM 

3. �/�'%��
 [SDS] 24,000 �M, 25:1 Styrene: V50 molar ratio �!%��"
�F��$ 4 g +�

��"
���)��$�

 80 ml ��!�� [NaBr] 0.3 mM (��8�/�'%)#��
����0��?����
-
���%����$ 1 

g �!�'��"�
��"
�F��8� 4 �)��) 

 

 4.6.2.1 ���'"�3��%�1�
���"�3�$����$�3
#�
� FTIR 

 �������5��$��!"����#�+�/�'%)#���8���
�
� FTIR ��
$+��-� 4.28 

�*�����/�'%
��$ ���'"�3��%�1
�'� IR )*�+��)���'��,"��$��)#���$�3��%�1�
�
#��!"����#���"
����

�������,�����
�$��
$�!+��-� 4.39 -4.40 �
���
#��"
�F����#����$��� 10-100 mM ��!"���

�#�
#�#�)#��
����-� G��$�#���!���#�&%��(��
�,�
�����
�����"
�F����#���"�

������ &%��(�'��)#� 10 

mM  �#���!"����#�)#� 700, 1495, 1454 cm
-1 

&%��*�
�� �!%�#� 3 ����"
���G��$��8� overtone 

��$'$���G#�+����� 1800-2000 cm
-1
 &%��"�
,�
�&�)#� 50 mM +���F#)#��
���"
��!�� ��'�+�

��F#)#���"
��!���#���!���#���$��!"����#�&%
# absorbance �-$�����!%,�
�&����$��� 20 mM 

��
$+��)���'����!��
#�!�����"
�F��!"����#�)#���$�3��%�1�
�����$
�� �
�'��&%��"
��#�$ 1 

mM �)������ G��$�E"����
�'����!��,�'�+�����!
��$��$�"'������
���%���"'���/�3�
�
������ 

��$�!+������#���
��D����
�!%!��+�,������!
��$��$�"'�
�
�����������$�3��%�1&�$��"
�
�


#�'��  �-� 4.41 ��
$3'�
��
���E1���
-
�!��3!���)#� 700 cm
-1
 �����"
�F����#��
���
#�!%�
�


#��!�� 
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�-� 4.39  FT-IR spectra of PS, NR �!%��$�����!�����!"����#�)#���"
�F����#����$H 

(styrene:V50 = 2:1 by mole �!% [CTAB] 1,000 �M ��"
�F��$ 1 g ��"
����'
 21 ml) 

�-� 4.40  FTIR spectra ��$ PS, NR �!%��$�����!�����!"����#� )#���"
�F����#����$H�!%

���#�
�
���
#��!�� [NaBr] 1 mM (styrene:V50 = 2:1 by mole �!% [CTAB] 1,000 �M ��"
�F��$ 1 

g ��"
����'
 21 ml) 
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20 ,M styrene 
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  40 mM styrene
  50 mM styrene

100 mM styrene

         NR 

          PS 
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�-� 4.41 ��
$3'�
��
���E1�%�'��$ IR absorbance ��$��!"����#�)#� 700 cm
-1
 ��� [styrene]  

 

�-� 4.41 �����	
��
���
�
��������
���
��
���������
�	
����
������������������������!"��#�
�

$%��&��%"�'
�*�����+���*��������+�  �������/���������+��������
�������������������!"�&*�����
�

��$�����
���
��
����������
 ��*&*�����/��������
������
���
��
��1��+� 100 mM 

 �
�������+,���
��'��
��
! styrene:V50 = 25:1 )#���"
�F����#� 100-300 mM �(�� 

peak ��$ PS ��"�
������
��"
�F����#� 
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�-� 4.42  FTIR spectra ��$ NR, PS �!%��$�����!�����!"����#����#�
)#� styrene:V50 25:1 �!% 

[CTAB] 2,800 �M ��"
�F��$ 4 g ��"
����'
 80 ml 

 

4.6.2.2 ���'"�3��%�1�
���")�3'�
�����
� Thermogravimetry 

�
������
*	;���%���
���
��
����
������%�#
�������+�������������������#�&
�

'
�*��
����1� 4.43-4.44 &%��(�'���
�����"�
��F�/-
"�
�
#
'!�����!#����
��^��%,�'$��F�/-
"

��*��'�� 150 �C G��$��8�&�
�
��
��$����#� (145 �C) )*�+��)���'����'����$���$��")�!%

�5"�"�"����"
�
�-�F1 
����
��1�
�
#��!�� ��F�/-
"��������' (decomposition temperature) 

��"�
�����$��$����&%D�$��('�'����!"����#� �*�����3���^!#����$��F�/-
"��������'��$

��$����(&�� DTGA) 3�� 380 �C �!%��!"����#� 420 �C  

�*�������$�����!�����!"����#�)#����#�
&��/�'%
��$ �!%/�'%
��$+�
� &%
#

��F�/-
"�����'��"�
�����H�����$����
����!����'�!�'!��?F%���R����!����',�'$)���&%

�!������)�$G�����
$'����$)�3'�
�����
��#�+��F%)#���$�����
�!�����

�!�' 
'!+�

��''�)#�)�3'�
������"�
��"
�#��(&%�
�
�����3����*��'�� 20 wt% �)��H�����"
�F����#�)#���"


!$�� ��'���!" ����#�)#���$�3��%�1�
�&%
#���/-
"�!������)�3'�
�����
��-$������
��"
�F��

!"����#�)#���"
!$�� )#���F�/-
"
���'�� 430 �C ��$�����!�����!"����#� 50 �!% 100 mM

Wavenumber(cm-1)

1000200030004000

A
bs

or
ba

nc
e

0
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SR 300 mM

SR 200 mM

SR 100 mM

Standard PS

     NR

aromatic C=C at 1600,1500,1450 cm-1

700 cm-1aromatic C-H at
3100-3000cm-1
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��
$���)�3'�
�����
�
#
'!�-$�'��)��$��$�����!%��!"����#� �-� 4.44 ��'�������"


��!��,�'�+����$�����!�����!"����#��!�������!����')#���F�/-
"�-$�'����$E��
,��" �!%

��$�����!�����!"����#�)#�)��3'�
���
�����$����#���
$3$)�3'�
�����
�
#�'��)��$��$

�!%��!"����#�)#���F�/-
"�-$�'�� 430 �C  

�-� 4.43  ���/-
"�
���")�$3'�
����&�� TGA ��$��!"����#� ��$�����!%�����$�3��%�1 

PS �����/�3��$)#�3'�
���
������$H��$��!"����#� 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

�1� 4.44  ���/-
"�
���")�$3'�
����&�� TGA ��$��!"����#� ��$�����!%�����$�3��%�1 

PS �����/�3��$)#�3'�
���
������$H��$��!"����#� ��+�������+�  1 mM NaBr 
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�-� 4.45 ���/-
" TGA �!% DTGA ��$��$�����!�����!"����#����#�
�
��/�'%
��$+�
� 

 

 �!��$ DTG ,�
�&�'���
���
#��"
�F����#�
������ 3'�
�-$��$ peak F ��F�/-
"���

��'��$����#��(��"�
���� �*�������$�����!�����!"����#�)#����#�
�
�/�'%��
 
#��F�/-
"���

��'��"�
����-$��'����$��������$,�
�&��!%)��
�
#������
��"
�F����#�)#���"�
���� 
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�-� 4.46 ���/-
" TGA �!% DTGA ��$��$�����!�����!"����#����#�
�
��/�'%��
 

 

�!���)
���'"�3��%�1)�$3'�
����������'��
#�����$�3��%�1��!"����#��
� 

admicellar polymerization ��"
���� )��$+�/�'%��
�!%
��$ �!%�
��������$+����$����
#3'�


3$)����3'�
����
��������
��"
�F��!"����#��
����)#���"
�F��!"����#���*�H 
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4.6.2.3 ���'"�3��%�1����*������
�!��!�
� GPC 

  ���'"�3��%�1
'!�
�!��!��$��$�����!�����!"����#�0��?��^��%������#�


+�/�'%��
�!%
��$+�
� �
��3����$ GPC Shimatzu Column ��8� Styragel +,��������!��$ 

THF (mobile phase) 1ml/min ���)
����#�)*�+��)���'����$�����!�����!"����#�!%!���
�

�

�
�
#�&! �����$�3��%�1 admicellar &�$�
�
# side reaction &����'����5"�"�"�������$���� 

���'��+���F#��"
��!���!%+,��������5"�"�"����8��'�����1G�!�R� �-� 4.46 �!%����$ 4.7 

��
$�!��$
'!�
�!��!)#�'"�3��%�1�
���$��$�����!�����!"����#� /�'%
��$+�
�  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�-� 4.46  �!'"�3��%�1 GPC ��$��$�����!�����!"����#�(/�'%
��$))#���
��'��
��
!��$�

���#���� V50 ���$H  

 

����$ 4.7 �!��%)���$��
��'��
��
!��$����#���� V50 �!%3'�
���
�����$����#����


'!�
�!��!��$��$�����!�����!"����#�+�/�'%
��$+�
� 

��
��'��
��
! 

Styrene : V50 

[Styrene] 100 mM [Styrene] 200 mM 

1:0.04 

1:0.1 

1:0.2 

- 

277,585 

193,149 

311,981 

296,823 

160,965 

 

Effect of Initiator at SR 200 mM

Minutes
0 1 2 3 4 5 6 7 8 9 10 11 12 13

Vo
lts

0.000

0.002

0.004

0.006

0.008

0.010

 

1:01 

1:0.04 

 

1:0.2 

 

 

 

NR              THF 
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  &%��(�'�������$�3��%�1+�������$,���&%�
���!"����#�)#�
#
'!�
�!��!�-$���
3'�

�)#���
���������$�3��%�1
�'�'"E#����H 3���
���!"����#�)#�
#
'!�
�!��!��%
�F 160,000-

300,000 �'��H ��'����5"�"�"��D��+��
���(&%�
�
'!�
�!��!��*�!$ �-� 4.47-4.48 ��'��
'!

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

/�'%
��$+�
� �
���
#����#�
���(
#��'���
&%��"
�����%&�����
 bimodal 3��
# Shoulder 

��$
'!�
�!��!�-$����5����
H���
'!�
�!��!��*� 
'!�
�!��!��$/�'%��
�����'��
��$ 

 

 

 

����$)#� 4.8 

 

 

 

 

 

 

 

 

 

 

�-� 4.47 ���/-
"�����%&����*������
�!��!��$��$�����!�����!"����#����#�
+�/�'%��
 

 

 

 

 

 

 

 

 

 

 

 

�-� 4.48 ���/-
"�����%&����*������
�!��!��$��$�����!�����!"����#����#�
+�/�'%��


�!% [NaBr] 0.3 mM 

SR50-300,SDS,AIBN,1:0.1

Minutes
0 1 2 3 4 5 6 7 8 9 10 11 12 13

Vo
lts

0.00

0.02

0.04

0.06

0.08

SR300

SR200

SR100

SR50NR

THF

SR50-300mM,SDS,AIBN,1:0.1,0.3

Minutes
0 1 2 3 4 5 6 7 8 9 10 11 12 13

Vo
lts

0.00

0.01

0.02

0.03

0.04

0.05

SR300

SR200

SR100 
SR50

NR

THF
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 /�'%�����$�3��%�1)#�
#��!��)*�+�������%&����'
#
#��"
�F
'!�
�!��!���
+���
��

���� ���&���#�&%��(�'��)����'����$&%�
��������$���
� F �*�����$ retention time �
"
 ��
$

'�������$�3��%�1 admicellar �
�
#�!��%)�������)#���8����/�3��$ &%
#�!��%)��
���$���

3�F/����$��!"����#� ����$ 4.8 �'
�!��%)�&���`&&��
�����"
�Fl����#� ��!�� �!%,�"


���!
��$��$�"' �3�$��$
'!�
�!��!&%���)�$�'��
�����
��'��������5"�"�"���-$���� �!%���

)�$G���(
#��*������
�!��!�-$)�
�����
��'�����#�
�� �3�$
#3'�
�'��$
���!%
���'����$���� 

����$)#� 4.8 ��*������
�!��!��$��$�����!�����!"����#�)#����#�
+�/�'%��
 
��$+�
� 
#

��!�� [NaBr] 0.3 mM/�
�
#��!�� �!%
#��"
�F����#����$H 

Mole Ratio Styrene:V50 

1:0.1 

Mole Ratio Styrene:V50 

1:0.1 + [NaBr] 0.3 mM 

Styrene monomer (mM) 

CTAB SDS CTAB SDS 

50 

100 

200 

300 

- 

296346 

295526 

299980 

-         

99075   

86955 

99490 

- 

258182 

332674 

330644 

-         

199510 

176446 

157150 

4.6.2.4 ���'"�3��%�1�
���"�,"$�!3'�
���������!%�!�$��
���$ (Aging) 

���0��?��
���"�,"$�!3'�
������
$�!)
�����$��$�����)#�������$

�����!�����!"����#����#�
&��/�'%
��$+�
� tan delta G��$���D�$����3!������' �"��%��$

�
�!��!��
$+��-� 4.49 

 
�-� 4.49  ��F�/-
"�!%��"
�F����#���� Tan � ��$��$�����!�����!"����#�/�'%
��$+�
� 

Tan delta of NR and modified NR with CTAB

0
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 &%��(�'����$E��
,��"
# tan � ����������-���#��!�$$��
��)#���
 ��$
��(��8���$

�����!�����!"����#�)#�
#����#� 100 mM �!%��$�����!�����!"����#�)#�
#����#� 200-300 

mM ��
!*�
�� ��$�����!�����!"����#�&�$
#3'�
��
�����)#�
# &�����)
��� F 

��F�/-
"���$ �
�����"�
��"
�F����#�3�� storage modulus ��$��$�����!�����!"����#�
#

��'���
��"�
���� ��'�������$�3��%�1/�'%��
�
�&%
#
'!�
�!��!�����'��/�'%
��$+�
� ����(


# storage modulus �-$�'�� �����$�����!�����!"����#��
������������
���$�!��+�� storage 

modulus �-$�����'���
"
+��F%)#���$�����
!$ (�-� 4.50-4.53 �!%����$ 4.9) F ��F�/-
"�-$

�!�$�����
���$ tan � ��$��$�����!�����!"����#�
#3���-$�'����$��$ G��$��
$D�$�����!)#�


#�'�� �!%)#������+&
��H3����$�����!�����!"����#���
$3�� glass transition 

temperature ��#�$3���
#�'�
�
#3��+�!��3#�$�����$��$E��
,��" �
�����5 glass transition 

��$ amorphous polystyrene G��$���"&%��-�)#� 80 �C (����$ 4.10) G��$,#�+����(�'����$

E��
,��"�!%��!"����#���������
�
#
��H�
��
����$+,����,�'���
�������,�'���%������

����$+
 )��$H)#�
#��!"����#�
'!�
�!��!�-$��-��'�� 20 wt%  

 �����
���$�*�������$�����!�����!"����#�&�$��
�����8���� annealing �����+��
#

�3�$����$�
�-�F1����
���'��&%��8����)*�+����"
��������
�/�� 

  

����$ 4.9 Storage modulus, loss modulus �!% tan � ��$��$E��
,��"�!%��$�����!���

��!"����#� F ��F�/-
"���$ �����!%�!�$��
���$ 100�C 24 ,
. 

Storage Modulus E’, MPa Loss Modulus E“, MPa Tan � E“/E’ ��'����$ 

No Aging Aging No Aging Aging No Aging Aging 

NR 0.5499 0.1829 0.05715 0.02578 0.1039 0.1409 

CTAB 

Styrene 100 mM 

Styrene 200 mM 

Styene 300 mM 

 

0.1812 

0.3473 

0.2305 

 

0.3548 

0.3885 

0.4453 

 

0.02795 

0.05450 

0.03511 

 

0.1109 

0.09315 

0.1062 

 

0.1543 

0.1569 

0.1523 

 

0.3126 

0.2398 

0.2385 

SDS 

Styrene 100 mM 

Styrene 200 mM 

Styene 300 mM 

 

0.6518 

0.2792 

0.4150 

 

0.5193 

0.3597 

0.2600 

 

0.2209 

0.06500 

0.1020 

 

0.2239 

0.09721 

0.1027 

 

0.3388 

0.2328 

0.2459 

 

0.4312 

0.2702 

0.3949 

 

 ��'�� tan � �!% E” ��$��'����$)#�+,� CTAB 
#3�������'��)#�+,� SDS ����%
#��!"���

�#�)#�
#��*������
�!��!
���'�� �!�$ aging ��$)#�+,� CTAB 
# E’ 
���'����$)#�+,� SDS 
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�-� 4.50 ��F�/-
"�!%��"
�F����#���� Tan � ��$��$�����!�����!"����#�/�'%��
����

�!%�!�$��
���$ 100 �C 24 ,
. 

Tan delta of SR 300 mM with SDS
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�-� 4.51 ��F�/-
"�!%��"
�F����#���� Tan � ��$��$�����!�����!"����#�/�'%
��$+�
�

�����!%�!�$��
���$ 100 �C 24 ,
. 

Tan delta with SR 300 mM with CTAB
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�-� 4.52 ��F�/-
"�!%��"
�F����#���� Tan � ��$��$E��
,��"�!%�!�$��
���$ 100 �C 24 ,
. 
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(3) 

�-� 4.53 (�) E’ (�) E” (3) tan � ��$��$���� ��$�����!�����!"����#� )#���F�/-
"���$ 

����$ 4.10 Glass transition temperature �!% Max. tan � ��$��$���� ��$�����!�����!"����#� 

Glass transition temperature, �C Max. Tan � E“/E’ ��'����$ 

No Aging Aging No Aging Aging 

NR -47.40 -44.50 2.317  1.795 

CTAB 

Styrene 100 mM 

Styrene 200 mM 

Styene 300 mM 

 

-51.40 

-51.10 

-50.50 

 

-43.90 

-51.10 

-49.90 

 

1.799 

1.697 

1.545 

 

1.692 

1.721 

1.490 

SDS 

Styrene 100 mM 

Styrene 200 mM 

Styene 300 mM 

 

-46.50 

-50.80 

-47.30 

 

-47.00 

-50.00 

-43.40 

 

2.200 

1.012 

1.926 

 

1.884 

1.554 

1.647 

 �*����� Storage modulus, Loss modulus �!% tan � ��$��$�����!�����!"����#�

)#����#�
&�� CTAB &%
#�����!#�����!$3����8��-$�����!�$ aging 
���'��)#����#�
&�� SDS  

�
�
#�
���"��!���#���!#�����!$&����$����
��)#���
)#�3'�
���
������!
��$��$�"' 100 mM  

 Styrene-isoprene diblock or styrene-isoprene-styrene triblock copolymers ��8� 

copolymer )#��-�&�����
#�!%
#�-��!"��!����� �,�� Shell Co. (,������3�� KRATON D), Ltd., 

Dexco Polymers LP (VECTOR), Eastman Chemical Co. (Regalite) ��8���� 
#�
���"�
��3�� 

easy melt processibility )�3'�
���� �
�&%
#����#���#�$ 15% ��8���$ Thermoplastic 

elastomer (TPE) �
�
#�!"�� �
�
#����%��� 
#�#�����!%3$)� ��
�%�*���+,���8���' ��$���

��!�����!"����#��(
# easy melt processibility )�3'�
���� �
�
#����#������,����� 
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4.6.2.5 ���'"�3��%�1�
���"�,"$�!�
���)
!�$��
�����!"����#� 

  �
����*���$�����!�����!"����#���
����
(
�!���"���!"����#��
�+,� 

internal mixer )#���
��'���$�����!�����!"����#������!"����#� 3�� 10:90 wt% �!�'�*���

�
��

�'�3'�
���� �!%)
��� tensile ��'����!"����#�
#3��3'�
��($��$
�$��%
�F 38 

MPa �
������������
���$3'�
��($��$
�$�^!#����"�
�!(�������8� 40 MPa (�-� 4.54) �
���

�"&��F�,�'$��#��$��������!%�!�$��
���$�(��'��3'�
��($��$
�$�
����$��� ����3�������
���$


�'��/�'%)#��*���
�#� 
#�!��%)��������3'�
��($��$��$��!"����#� 

  

  
�-� 4.54 3'�
��($��$
�$��$ 10:90 ��$�����!�����!"����#�:��!"����#� �����!%�!�$��


���$ 100 �C 24 ,
. (��) CTAB (!��$) SDS 

 �
���)
��� 10:90 ��$�����!�����!"����#�:��!"����#� ��'�� 3'�
��($��$
�$

��*��'����$��!"����#�)��$���� (30-36 MPa) �!%�!�$��
���$ (19-34 MPa) ����%��$
#3'�


��($��$��*��'�� �
���
#��!"����#�+���$�����!�����!"����#�
������ 3'�
��($��$
�$
#

��'���
!
!$���$ ����%�
�&%
#����#�
�����������*������
�!��!�^!#����$����#��
���"�

�� 

���
#&*��'��
�!��!
������(�-� 4.47-4.48) &�$,�'�D�'$
�!�1���?�3'�
��($��$
�$�
�+��

��!#�����!$
����� G��$+���$�����!�����!"����#�)#����#�

�'� CTAB 
#3'�
��($��$
�$

�����'��)#����#�
&�� SDS )��$�����!%�!�$��
���$ �����
���$)*�+��3'�
��($�$
�$!
!$
��+�

Tensile Strength with SDS surfactant
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��F#)#�+,� CTAB (3���^!#��3'�
��($��$
�$!
!$��8� 19-27 MPa) �!%!
!$�����'���
���+,� 

SDS (31-34 MPa) ����$���(��
3��)#�!
!$��!���#��(��-�+�,�'$3'�
�����#��$�����$3'�


��($��$
�$������
���$�,���
#�'�����!"����#�  &���-� 4.55 �

-!����$��!"����#��-$��' 1.6 

GPa �!�$��
���$�

-!��!
!$�!(����� 1.55 GPa G��$�(��-�+�,�'$�����#��$�����$�

-!������

�����
���$ &�$��(�'�������
���$
#�!��%)����������!"�����#� �*����� 10:90 ��$�����!���

��!"����#�:��!"����#� ��'���

-!��)��$���� (1.1-1.35 GPa) �!%�!�$ (1.1-1.5 GPa) ��
���$

�����'���

-!����$��!"����#� ����%
#��$��
 �����"�
��"
�F����#�+���$�����!�����

!"����#�)#�+,� CTAB )*�+���

-!��
#��'���
��"�
��������%
#&*��'��
�!��!��$��!"����#�
��

���� �� �
#�!��%)�����

-!����$��$�����!�����!"����#�)#�+,� SDS ���� �!�$�����
���$

�

-!����$��$�����!�����!"����#�,�)��$ CTAB �!% SDS 
#3����"�
������
��"
�F����#�+�

��$�����!�����!"����#� ��
3!��$���)#���+����)
��� DMTA   

 

 
�-� 4.55 Young’s modulus ��$ 10:90 ��$�����!�����!"����#�:��!"����#������!%�!�$��


���$ 100 �C 24 ,
. (��) CTAB (!��$) SDS 

 

Young's Modulus by using SDS
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 ��$�����!�����!"����#�)#���
�����!"����#�)#���
��'�  10 wt% �#���&�)#���
�

�����!"����#�,�"
)���$��%�)��-$���� HIPS (high impact polystyrene) �
���
��D��


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

��!#�����8���!"����#���'���� �!%
#3'�
��
����� ���
�'���!%
�
$��
��
������������$��

!"����#� �
���
�
$��!�'�!����(�!��
�!��?F%�
"
�
�
�$+��-� 4.56  �!�$&��)
�����$
�$&�

��
�!�' ��'����!"����#�&%����������% �����!"����#�)#���
��$�����!�����!"����#� 

10 wt% &%��"
�"�'��'H)#���
$D�$�����"
 Crazing �!%�����
��
)#�)"�$�����
������
 

(plastic deformation)�'�
�'� ��
$D�$�!������*��!�$$����+,���������������
 G��$��8�

!��?F%�*�3��)#���+�,"��$��)#�)���$��%�)��-$(���#���)#�����'$��'��"�'F��������$

�!���"�)���$��%�)��-$)#�
#��$������
��-�+��-� 4.56 !��$)  
 

 
 

 
 

�-� 4.56 (��) !��?F%�����
��$��

!"����#� (G���) �!%��!"����#���
 10 

wt% ��$�����!�����!"�����#� (�'�) 

(!��$) !��?F%������&�����)
��� 

Izod Impact ��$,"��$���!���"�)���$

��%�)��-$ 80-20 wt% Nylon 6-NR + 4 

phr SEBS ���� PS-NR reactive blend 

(��$,"���
���
 ��"�'F��������"
'$

��')    
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�
���"��$ HIPS )#�
#���+��!�
&�� Network Polymers Inc. 
#,���)�$���3��'�� 

“NPS 90-0304 Super High Impact Polystyrene” 
#
�$�#�
8
 

 

Material Notes: “NPS 90-0304 Super High Impact Polystyrene” 
Description: Injection Molding Grade 

Physical Properties Metric Comments

Specific Gravity 1.04 g/cc  ASTM D792

Melt Flow 2.4 g/10 min  Procedure A Condition G 
(200�C/5 Kg); ASTM D1238

Tensile Strength, Yield 28.4 MPa  ASTM D638

Elongation at Break 35 %  ASTM D638

Flexural Modulus 2.24 GPa  ASTM D790

Flexural Strength 49 MPa  ASTM D790

Izod Impact, Notched 2.14 J/cm  Injection Molding; ASTM 
D256

Deflection Temperature at 1.8 MPa (264 psi) 82.2 �C  ASTM D648

Vicat Softening Point 103 �C  ASTM D1525

Flammability, UL94 HB  1.5 mm 

Flammability, UL94 HB  3.0 mm

Gloss 85 %  at 60� geometry; ASTM 
D2457

 

&%��(�'�� HIPS 
#3'�
��($��$
�$ F &�
3��� (at yield) 28.4 MPa 
# Flexural Modulus 2.24 

GPa 
# Izod Impact 2.14 J/cm �
����)#������
���")�$�!��$��!"����#�)#���
��$���

��!�����!"����#� 10 wt% ��'��
#�
���"��&%�)#����#�$����
� 3��3'�
��($��$
�$&���
 

���3'�
��($��$
�$ F &�
3�����$��!"�
��1)��$��$,�"

#3��+�!��3#�$��� ��'� Young’s 

Modulus ��� Flexural Modulus +,����)
���3�!%������ ����!)#��
��(��-�+�,�'$ GPa 

�,����� �!%�
���")���$��%�)���� Izod �(���&%+��3���-$����%
#)��$ Craze �!% Plastic 

Deformation ��"
����)#���8��!���*����� Energy Dissipation )#��*�3�� 
�$��������*���$���

��!�����!"����#�����
�����!"����#��������J����8� HIPS �(
#3'�
��8����
��-$ �
����

������
��'���
�%�'��$��!"����#������$�����!�����!"����#�+����
�%�
  
 

 

 

 

                                                
8
 MatWeb Material Property data, http://www.mymatweb.com/index.asp 
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����� 5  

���	 

 
 Admicellar polymerization +�$��'"&���#��*����-��'�����
�����$�3��%�1��!"�
��1��!���!$�����

���/�3��$E��
,��" G��$��
��D)*��
�)��$)#�/�'%��
�!%
��$�����$&��������� pH �
�+,����!
��$��$�"'

��8� SDS �!% CTAB ��
!*�
�� ���/�3��$
#3�� pzc )#���' 3.3-3.7 (������-������!�$��*���$�!%���������(�

���?�)  

 F /�'%��
 &%�
����/-
" Adsorption Isotherm ��$���!
��$��$�"' (SDS) �����/�3��$)#�����)#�

�"'
�� &%
#��"
�F adsorption 
�� (80-3000 �
�3��
!�������$�
�� �*�������$ 0.01 g +� 14 ml) D��
#

3'�
���
�����$��$
����"
�F adsorption �(!
!$ (&�� 200-400 �
�3��
!�������$�
�� ��8� 1-3 �
�3�

�
!�������$�
��) ����%3'�
���������$���/�3��$
������ ��"
���'��$�*��������
-
���%�(!
!$  

,�'$�'!�  equilibrium adsorption m��
�%�
3�� 4 ,
.  ����#�!%!��+� ������$,�����$ SDS �
�
# �!%
#

��'���
��"�
������
3'�
���
�����$����#�)#���"�
���� 3��3$)#���$���!%!��+�������$,����(��"�
����&������

3$)#��
���3'�
���
�����$����#�3$)#�  3'�
���
�����!��+�,�'$ 0.1-0.3 mM �
�
#�!������!%!����$����#�

+�������$,�����$ SDS 

   F /�'%
��$ &%�
����/-
" Adsorption Isotherm ��$ CTAB �����/�3��$ G��$
#��"
�F 

adsorption 1-20 �
�3��
!�������$�
�� �����'�� SDS adsorption )#���"
�F��$ 1 g (20-40 �
�3��
!���

����$�
��) ���� 10-200 �
�3��
!�������$�
�� �����'�� SDS adsorption )#���"
�F��$ 0.01 g ���

��"
����'
)#�+�!��3#�$��� �����$&�����
 CTAB +����'�� SDS �����"
��!��)*�+��3�� CMC ����!$����()*�

+����"
�F CTAB adsorption ��"�
����
�'��
�&%��"
��!����#�$ 0.001 M (1 mM) ��"
�F CTAB adsorption 

��"�
,�
�&�
�������
���
#��!���!%
#3'�
���
��� CTAB �-$����  ��F�/-
"+�,�'$ 30-80 �C 
#�!��%)���� 

CTAB adsorption �����
��^��%�
���3'�
���
��� CTAB ����!$ �����"
��!��)*�+�� CATB adsorption 

��!#�����!$�!(�����  �
���3'�
���
�������#�
������ ����#��(!%!��+�������$,�����$ CTAB �
�
������ 

�
�����"
��!��&%)*�+����"
�F����#�!%!��+�������$,�����$ CTAB ��"�
���� 3��3$)#���$���!%!���
���
#

��!���(&%��"�
���� 

 �������5"�"�"����
�
��#�
����1G�!�R� )*�+����$
#�#3!�*� �!%��!��)*�+��3!�*������!%��$��'���"
 

crosslink �
�!%!��
�'� ��'� AIBN �!% V50 ��8� azo-nitrile !%!��+� oil
#�'����*� &%�
�)*�+����$
#�#3!�*� ���

&%+� ��'������
��"
�F����#� ��
��'��������5"�"�"�����
����
��13'�
#3������H �����+���
�
'!�
�!��!

��$��!"����#��-$ (200,000-300,000 g/mole) �����"
��!��,�'�+����*������
�!��!��"�

���
��^��%��F#)#�

��$�3��%�1�
�
# SDS   

 �-���Fb��)#���"
������8���������!��� 3����$��8������!"����#���8���!��� ��!�����$��!"���

�#�
#3'�
���&�������'���
3���&�D�$ 2 �
3�����
��"
�F����#�)#���"
 �
����)*��5"�"�"��)#���F�/-
"

�-$ 70 �C &%
#3'�
�
�*���
��'��)#���F�/-
"��*�������
��'��������5"�"�"���-$����  �
���+��3'�
���������$���

��!�����!"����#� ��'����
��D�!�
��!�����-��
��
��^��%,"��$��)#�
#��!"����#�
�� (100-300 mM )  

�!��$ FTIR �������
�'��
#��!"����#���"
����+���"
�F
����
��"
�F����#� �! TGA �(��
$'��,"��$��)�

3'�
�����
��-$������
��"
�F��!"����#� �
���������
�!��
#3'�
��������$ ��
�����!"�
��1)��$��$��8������

�
#�' �!��$ DMA ��
$,�
�&�'����$�����!�����!"����#�
# Tg 3���
#�'&�$
# miscibility ������$&�����

��
������$�3��%�1
�'�'"E�����H)��'�� �!%�
�'��&%��"
����#�
��D�$ 55 wt% �(��$
#3'�
��8�������
#�'
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�
��^��%�
����
�#
��8�����
�'�3'�
������%
�F 150 �C ��$�����!�����!"����#�&�� SDS 
# storage 

�!% loss modulus 
���'��)#����#�

�'� CTAB ��� aging (100�C 24 ,
.) )*�+���

-!����"�
���� (&�� 0.2-

0.4 MPA ��8� 0.25-0.65 MPa )#���F�/-
"���$) �!%
���'���

-!����$��$E��

�)#�!
!$��
�� �����!�(
#

��������% tan � �(��"�
���� (3��)��'�������'�� 1 �����^!#����%
�F 0.5 �-$�'��������$E��

�)  tan � ��$

��$�����!�����!"����#��!�$ aging )#����#�

�'� SDS 
#3���-$�'��)#����#�

�'� CTAB ����%
#��*�����

�
�!��!�����'�� ����3!������'��$�
�!��!&�$
#
���'��  �
���")#���!$��� ������$)#�
#���3'�
����()�

3'�
�����!%��
$���"���
��� annealing) 
#�#������$��$�����!�����!"����#�
#!��?F%3!��� SIS/SI 

 �
���)
!�$��
��$�����!�����!"����#� 10 wt% +���!"����#���'��)*�+����!"����#���!#���&��+�

��8���' �!%+���
���"+�!��3#�$��� HIPS �
�)#����#�
&�� SDS +��3'�
��($��$�-$�'��)#����#�
&�� CTAB 

�����$&�������!
#�'��&�$+��3'�
��8�������
#�'
���'�� CTAB 3'�
��($��$
�$&�$�
���'�$
���!%
#3���-$�'�� 

��� Young’s modulus ��$��$�����!�����!"����#�)#����#�
&�� CTAB &%
#3���-$�'������%��!"����#�)#�

���#�

�'� CTAB 
#3'�
��($�'���!%
#��*������
�!��! ���
+����'��)#����#�
&�� SDS �
� SDS )*�+���
�

3'�
��8�������
#�'
#�'��&�$��(���'���
�����"�
��$�

-!���!�$ aging ��
��"
�F����#��
�,�
�&��'�� CTAB 

 &�����)
������
�$&���
 �
�����'&
-��"�'F)#���
 &%��(�'��
# craze ��"
����
����
$D�$�����#�

�-�)#����$+,��!�$$��
�������'����������$��!"����#� ����3����$�����!�����!"����#���
��D+,���"�
3'�


���#�')�+�������!"�
��1)#�����%���$�������$��!"����#��
� 
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��

���
�����	����������������������
�������������  

 3�
'��&%��
��D���#�
���/�3��$�3!���
�'���!"����#� )#�
#3�F�
���"+�!��3#�$ SI 

���� HIPS  

�!%�
��$313'�
�-�)#��*����#�"
�1�
� 2 ^��� (D���!$��)#��
�
#3�F/��
# �(�'�$'��&%&
�")E"����

�
�) 
�$�#� 

1. Adsolubilization of styrene on natural rubber latex particles by SDS and CTAB +�

'����� Colloid and Polymer Science 
# impact factor 1.269 (1999) ����'���������)#�

�)#���)��  

2. Polystyrene coated natural rubber particles by admicellar polymerization +�'����� 

Polymer 
# impact factor 1.529 (2001) ����'���������)#��)#���)�� 

 

 

Initial [Styrene] vs. Equlibrium [Styrene] 

0

500

1000

1500

2000

2500

3000

3500

4000

0 5000 10000 15000 20000 25000
Initial [Styrene] micromolar

Eq
ui

lib
riu

m
 [S

ty
re

ne
] m

ic
ro

m
ol

ar

no salt
1mM NaBr

 



 1

Adsorption of Cationic and Anionic Surfactants on
Natural Rubber Latex Particles 
Online Submission Number 0701 
Vijitra Srinarang1, Edgar A. O’Rear2, and Rathanawan Magaraphan1,$

1The Petroleum and Petrochemical College, Chulalongkorn University, Soi Chula 12, Phyathai Rd., 
Bangkok 10330, Thailand 
2School of Chemical Engineering and Materials Science, University of Oklahoma, Norman, OK 73019, 
USA
$Corresponding author, email : Rathanawan.K@Chula.ac.th  

ABSTRACT
Natural rubber (NR) latex consists of natural rubber particles which are mainly cis-polyisoprene and non-
rubber substances such as proteins and lipids.  NR particles typically exhibit a bimodal curve of particle 
size distribution. The small particles with submicron size can be obtained by high speed centrifugation.  
These particles have a point of zero charge at pH about 3.9 and amphoteric character.  Cationic surfactant, 
CTAB, and anionic surfactant, SDS, were selected to adsorb on NR particles at pH 8 and 3, respectively.  
The results showed that the adsorption isotherm of cationic surfactant is L-shaped while it is S-shaped for 
the anionic case.  The equilibrium time and adsorption isotherms for both conditions were determined by 
TOC, HPLC, and surface tension.  Effect of salt on the adsorption of both surfactants was also included.

KEY WORDS  Natural Rubber Latex, Cationic Surfactant, Anionic Surfactant, Adsorption, Surface 
Tension

INTRODUCTION
Application of surfactant to control chemistry at the surface of materials has been used for a long 

time (e.g. use of soap to wash-off dirt).  The employment of surfactant has not been restricted to reduction 
of surface tension of a liquid.  Other works emphasize using surfactant at the liquid-solid surface such as 
in paint technology to facilitate the dispersion of pigments and in more intensive work on the admicellar 
polymerization on inorganic fillers like silica (O’Haver et al.,1996) or alumina (Lai et al., 1995; Esumi et 
al., 1991; Funkhouser et al., 1995).  In the two-phase liquid system, surfactants have been used to reduce 
the interfacial tension and make homogeneous mixtures of oil and water, called emulsion.  Natural rubber 
latex is a kind of natural emulsion which contains rubber,particles, phospholipids, protein and other 
speicies (Kawahara et al., 2003).  The non-rubber substances act as emulsifiers and may change the 
surface properties.  For example, the emulsion will be stable if it is maintained at pH 8-9 or higher while 
coagulates at low pH.  To stabilize the surface of latex, the surface chemistry and charge property should 
be examined further as shown by several attempts to use other substances and surfactants to stabilize the 
NR latex (Bunsomsit et al., 2002).  The hydrophobic and soft substrate like polymers for surfactant 
adsorption are more emphasized on non-ionic surfactant (Winnik et al., 2000).  This work is to study the 
surface charge property of natural rubber latex particles by surfactant adsorption at different pH using 
total organic content TOC and HPLC as analytical tools.  At very low surfactant concentration, surface 
tension measurement was employed with good sensitivity (Zhao et al., 1995 and 1996).  Surfactants used 
in this work were sodium dodecyl sulfate (SDS) and cetyltrimetylammonium bromide admicelle (CTAB) 
for low and high pH.
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EXPERIMENTAL
Natural Rubber (60% dry rubber content) was obtained from Rubber Research Institute of 

Thailand. Hexadecyltrimethylammonium bromide (CTAB, 98%) was from Fluka and sodium dodecyl 
sulfate (SDS, 99%) was from Aldrich. Sodium bromide (99.5%) and sodium chloride were obtained from 
Unilab and Fluka, respectively.  Sodium hydroxide [flakes or pellets?, or solution?] from Fluka and 37% 
hydrochloric acid AR grade from J.T. Baker were used for adjusting pH. Tetrahydrofuran (THF/99.8%) 
was purchased from LAB-SCAN.  Absolute anhydrous ethanol (99.9%) was obtained from J.T. Baker.  
All materials were used without further purification. 

Purification of the NR latex 
NR latex particles were purified by centrifugation (at 20�C, 8,000 rpm, 20 min) and were 

redispersed in distilled water 2 times to remove dissolved impurities and to reduce the particle size 
distribution.  The resulting particles were considered to be clean.  After washing, the particles were 
resuspended in water at pH 3  and 8 at a concentration of .01 g/ml. 

Particle size measurement
The size of NR latex after purification was measured by the principle of beam obscuration using a Particle 
Size Analyzer (Mastersizer X�) with a 45 mm lens and an active beam length set to 2.4 mm.  The 
instrument reported the average particle size[Is this number average or volume average?], the standard 
size distribution and the specific surface area.  The specific surface area was calculated from the particle 
diameter with the assumption of spherical particles of constant volume.  A polarized optical microscope 
was used to capture the picture of NR particles obtained from the dry film of a few solution droplets.

Electrophoretic mobility measurement 
The surface charge of latex particles is important to determine the surfactant adsorption.  The solution pH 
is a parameter that affects the charge of particles.  For this reason, electrophoretic mobility was used to 
determine the surface charge of the latex particles at various solution acidities.  The pH of the natural 
rubber solution was adjusted by 0.01 and 0.1 M standard solutions of hydrochloric solution (HCl) and 
sodium hydroxide (NaOH).[Were there .01 and .1 M standard solutions of both HCl and NaOH?)  The 
electropholetic mobility of the latex particles was observed at room temperature with Zeta Meter 3.0+ 

Equilibrium time for adsorption 
The hexadecyltrimethylammonium bromide (CTAB) solutions were prepared in pH 8 water and then 
pipetted (20 ml) into vial screw cap test tubes (6 dram) containing 1 ml of 1 % NR solution.  These 
mixtures consist of 0.01g rubber particles and 2,000 �M CTAB in a total volume of 21 ml.  The tubes 
were agitated in a shaking bath at 30 �C and samples removed at varying times to find the time for 
equilibration.  NR particles were separated from the mixture by filteration through a nylon membrane.  
The concentrations of filtrates or equilibrium CTAB concentrations were determined by measuring total 
organic content (TOC) and the surface tension.  The linear region of the relationship between surface 
tensions and CTAB concentrations was used as the calibration curve.  CTAB solutions were diluted into 
the concentration range of the linear region for finding equilibrium concentrations.  The difference 
between the final concentration and equilibrium concentration is called adsorbed CTAB concentration.  
The plot of time and the adsorbed surfactant was done to get the time for equilibrium adsorption where 
there is no longer change in adsorbed surfactant. 
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Surfactant adsorption isotherm 
Various concentrations (initial concentration, initial CTAB concentration) of 

hexadecyltrimethylammonium bromide solutions were prepared in pH 8 water.  Then, each CTAB 
solution (20 ml) was added into a vial screw cap test tube containing 1 ml of 1 % NR solution (0.01 g 
DRC).  The tubes were agitated in a shaking bath at 30 �C for a 15 h adsorption equilibration period.  NR 
particles were separated from the mixture by filtering the mixture through a nylon membrane.  The 
concentrations of filtrates or equilibrium CTAB concentration were determined by measuring the surface 
tension measurement technique as described above.  The plot of equilibrium concentration versus the 
amount of adsorbed surfactant was made to yield the surfactant adsorption isotherm. 
 SDS solution of 14 ml was adjusted by HCl to pH 3-4 and then added to the NR solution. [What 
amount?] The sample was agitated in water bath at 30 �C to equilibrate for 6 hr.  After filtration through 
the membrane, the solution was analyzed for the equilibrium SDS concentration by HPLC (Hewlett 
Packard 1050) with Altech conductivity detector and Nova-Pak phenyl reverse-phase column.  

RESULTS AND DISCUSSION 
Particle Size Distribution of NR Latex 

The particle size distribution curve of NR latex particles after purification is shown in Figure 1 
with mean diameter 0.97+0.10 �m and the mean specific surface area 7.46+0.78 m2/g. These results 
indicate the polydispersity of NR latex particles with narrow size distribution. Figure 2 shows the 
morphology of the NR latex particles dispersed in water by optical microscope.  They are round in shape 
and consistent with the diameter as in Figure 1. 

Figure 1 Particle size distribution histogram of NR latex particles using density of NR particle = 1 g/cm3

whereas typical density of NR ~ 0.93 g/cm3.
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Figure 2  Optical micrographs of NR latex particle, 500x magnification 

 The electrophoretic mobility of charged latex is induced by changing pH. As seen in Figure 3 the 
point of zero charge (PZC) is at pH about 3.9.   The particles will be negatively charged when pH is 
greater than PZC and positively charged at pH lower than PZC.  This reveals that NR particles are 
amphoteric in nature.  By manipulating pH, one can alter surface properties of NR latex.  As such, SDS 
and CTAB are chosen for the adsorption to NR latex particles at low and high pH, respectively.
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3  Point of zero charge of NR latex particles by changing pH 

 For low pH, SDS was added to NR particles and it was found that using 6 hours of equilibration 
time, the adsorption isotherm was obtained by HPLC measurement of concentration change (Figure 4).  
The isotherm is s-shape revealing that the surface is strongly charged (Wu et al., 1987).  The adsorption 
was found to be 0.7-60 �mole/cm2 at pH 3.0 for 3000-9000 �M equilibrium SDS concentration. When 
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pH was at 3.8 (closed to PZC) the adsorption decreased substantially to 0.4-4 �mole/cm2 for 2700-8000 
�M equilibrium SDS concentration due to less positive charge on surface.        
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Figure 4 Adsorption isotherm of SDS on NR particles at pH 3 and 3.8 

Time for equilibrium adsorption was studied in case of CTAB at pH 8 to determine the time needed for 
allowing surfactant to migrate and attain equilibrium on the NR particles.  Figure 5 shows the results 
using TOC as a detector to determine final concentration of CTAB in supernatant (filtrate) obtained after 
2-33 h shaking CTAB with NR particle dispersion. 
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 Figure 5  Equilibrium adsorption time of CTAB at pH 8 using TOC as a detector[Check y-axis label-
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 The results reveal that time for achieving equilibrium is gradually increasing with the CTAB 
adsorption values range from 400-800 micromolars (�M).  However, the variance of adsorption at a 
certain time is also large (about 200 �M).  At times longer than 30 hours, degradation may occur to NR 
particles changing the surface properties such that the adsorption seems to increase.  One may infer that 
the adsorption is fairly steady within the period of 5 to under 30 h.  Figure 6 shows the adsorption 
isotherm of CTAB at pH 8 after equilibration for 30 h.  This curve is S-shaped which represents the 
highly charged surface which possibly results from a degrading surface.  Adsorption of CTAB was first 
increased with concentration of surfactant due to increasing number of surfactant molecules adsorbed on 
the NR particle surface. Then the adsorption was sharply increased at equilibrium concentration about 
660 �M indicating aggregation at the interface and then the adsorption gradually increased with 
equilibrium concentration, even passing the CMC.  The CTAB adsorption on NR latex particle in this 
region (800-1500 �M) is about 4-8 �mole/cm2.  However, the adsorption typically reaches a steady value 
when concentration is greater than critical micelle concentration (CMC) of CTAB (~ 900 �M, see later) 
due to the saturation of surfactant adsorption.
 Another technique suggested to use for determination of surfactant adsorption in this work is 
surface tension.  Figure 7 shows the linear relationship between surface tension and surfactant 
concentration when surfactant concentration is very low.  The surface tension is useful to determine 
critical micelle concentration (CMC) which is the point where surface tension becomes steady and in this 
study we found that CMC of CTAB is around 900 micromolar.  The values of CMC is shifted to lower 
concentration as salt concentration increases due to less repulsive force between surfactant molecules in 
micelles by the counter ion. On the other hand, surface tension becomes less sensitive to concentration as 
salt concentration increases upto 0.01 micromolar.  When using surface tension as a method to determine 
equilibrium concentration and CTAB adsorption, the equilibrium time is found as seen in Figure 8.
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Figure 6 Adsorption isotherm of CTAB on NR latex surface. 
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The adsorption was found to be less than those found by TOC and fluctuated within the range of 
150-230 �mole/m2 from 1-100 hours.  Therefore, by surface tension the CTAB equilibrium time for 
adsorption is averagely constant with the highest adsorption within this range at 15 hours.
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Figure 7  Surface tension of CTAB at pH 8 changes with its concentration and salt content. 

Figure 8  Equilibrium time for CTAB adsorption by surface tension measurement. 

 Figure 9 shows the adsorption isotherm, after equilibration for 15 hours, determined by surface 
tension.  The L-shape curve is obtained suggesting the surface is more hydrophobic.  The CTAB 
adsorption is about 3-70 �mole/m2.  In this case, adsorption becomes steady after CMC. 
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Figure 9 Adsorption isotherm of CTAB at pH 8 by surface tension measurement 

 Salt is known to be affected on the surfactant adsorption.  When sodium bromide 0.001 molar was 
added to the CTAB, the adsorption isotherm was shifted to lower equilibrium concentration with the same 
adsorption plateau.  Thus salt can enhance CTAB adsorption on NR and lower CMC. 

CONCLUSIONS
 NR latex particles are about one micron size and can be manipulated to have negatively or 
positively charged by changing pH.  From pH 3, the NR latex surface shows the strong positively charged 
(S-shape adsorption isotherm) with high SDS adsorption.  As the pH increases and closed to the PZC 
(pH=3.9), the adsorption is reduced. When pH is 8, adsorption of CTAB became steady during 5-20 h of 
equilibration and increased with increasing time suggesting degradation occurred to NR particles and 
enhanced cationic surfactant adsorption.  This was supported by the adsorption isotherm of CTAB that 
was S-shaped revealing high surface charge after equilibration for long time (30 h).   The measurement of 
surface tension gave the CMC of CTAB as about 900 ���while addition of salt caused the lowering of 
surface tension and shifting of the CMC to lower concentration. Due to the linear relationship between 
surface tension and surfactant concentration, it can be used to determine the surfactant concentration at 
low concentration region.  Adsorption isotherm of CTAB for 15 hours in contact was L-shaped 
suggesting that the NR surface at high pH is more hydrophobic with low charge content which is in 
accordance to low adsorption values.  Adsorption of CTAB on NR can be enhanced by addition of salt.          
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