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Abstract  
In many industrial processes, the acetone solvent is mixed with water in various proportions, 
and it is not possible to separate these mixtures without consuming a great deal of cost and 
energy. Nowadays, scientists are looking at some methods to separate solvents more efficiently 
without consuming too much energy. Therefore, given the importance of different solvent 
separation processes and their reuse in industry, in this research, for the first-time molecular 
dynamics simulation of water-acetone mixture separation using armchair carbon nanotube was 
performed. To separate the water-acetone mixture, the (5,5) and (6,6) armchair carbon nanotube 
was used so that these nanotubes acted as a separator filter for the water-acetone mixture. For 
this, we used molecular dynamics simulation method. Also, the hydrostatic pressure, as an 
external force, was applied to the desired system to separate water and acetone from each other 
with selectively passing them through the nanotubes. The results showed that by changing the 
type of the nanotube, the process of separating this mixture showed a different behavior; so that, 
this mixture was completely separated using the (5,5) carbon nanotube with small diameter, 
while in the presence of (6.6) carbon nanotube with large diameter, the separation was not 
complete and both solvents passed through this type of nanotube in different proportions, which 
was not desirable. To better understand the results and their interpretation, some analyses 
including the permeated water or acetone molecules through nanotubes, the density profile, the 
potential of the mean force, retention time, and hydrogen bonds of the system were also 
extracted. According to the results of the present study, armchair carbon nanotubes with suitable 
diameter can be used for separation of some aqueous mixtures, including water-acetone mixture, 
which will enable us to obtain pure species of each solvent, allowing them to be reused and save 
costs. 

Keywords: Molecular Dynamics Simulation, Carbon Nanotube, Water, Acetone, PMF, 
Separation. 



dx.doi.org/10.22093/wwj.2019.194617.2899 28

����� ��� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 31, No. 4, 2020 

مقاله پژوهشي

و فاضلاب، دوره 27-39، صفحه:4، شماره13مجله آب

��1� ;5 <�=8� �����)0 ���>��� ?���3�� ����-@��" �����
�������� ��	 �������� ��)�� �� !" ����' 
 �3'�� 
 �	 ���:

�����)0 )�
� �� ���AB� ?�"����
�)�	 

W�[K .c^& 

����� ,����� ,���/�	�� 5�/���# ,���' W!E 5�V���# ,+��  5��B ,���#�2)� 
j.azamat@cfu.ac.ir 

������)	�/�/�������/��/�(

:)�����*' +�),� ��� ���- �' ����� .�� �' /�0�� ���' 
.�HI �.� �����" �&�C� 1�J�5?% 
���"BK �#�L#�% M�%��!� 
���;&#�#���� N��- )�$�" &#�#���� ��"B�" *�+,- ���* ���*( 
�  � �  


���"BK B��� �� �#��I" M�-�$�"��B�  ��O4 �123�4 � 1� &56% "��)8�(��;FP.Doi: 10.22093/wwj.2019.194617.2899 

����� 
@# 6��%�� �
t3" .&9��i 6�5���#��GH�� �� ��9/# :� &	 u�3�	 LO �� o39�	 6�5 u�3�	 8�# 6@�/#�; � 
�< S�Ri ���� �5

 81>	 
��@ 64��# � ���$5G�%� )@��	# .89��� &[ �
 �#�-�5�][ W�� 6@�/#�; ��1	# .
��@ 64��# S�i ���� �7 ��9�5 &��5
	�7 t3" �9�� � ��:�Y5#�� �5�<�;�� �� #?� .
t3" 6@�/#�; 6�5���#�� G%>5# ��:����O @# )����
 )
�m9/# � �-��>5 @# o39�	 6�5

 8�# �
 .G��i �
 V5�][�%H< ��� 8%��# 6#�� LO u�3�	 6@�/#�; &��1��	 J%	���
 6@�/��R������� @# )
�m9/# �� ��9/# 6�R5
&���i &���7 1<�< ��K�#�� .LO u�3�	 6@�/#�; ��Q�	����� ��9/#���� &���i &���7 6�5 ) �R9%�#���7 �R� 1<e.e) � (p.p (
)
�m9/#�<�������� �X#� �
 �7 �� &���7 6�5 LO u�3�	 6#�� )���7#�; �93%� �#��(�W�� @# ��Q�	 8�# 6#�� .��
�7 >( ��9/#
�%H< �� .J%��9/#���%5 ���� 8%�!>5 .�< )
�m9/# &��1��	 J%	���
 6@�/ ��d 6��%� J� �#��( :�>(# �Q� 
��	 Y9�%/ �� .&;

���� �� �< L��9�# ��H( �� Y9�%/ �
 
�;�	 6�5 �������� d#
 @# ��?[ �%H< c��9� .���< #�; �-��>5 @# �5 �R� �R7 
#
 ���� 6@�/
&	 ���� &���m9	 ��9�� .u�3�	 8�# 6@�/#�; ���#�� .�������� v�� �%%w� �� .�5
 �������� @# )
�m9/# �� �7 6��E ) &R���7 6�R5e.e (

J2�7 �ZX �� �R������� ��Rx" �
 �7 &��" �
 .�< ��K�# u�3�	 8�# 	�7 6@�/#�; .�� ) &R���7 6�R5p.p y�$R� �RZX �R� ( .�R�
 	�7 ���i �� 6@�/#�;��� ��K�# t3" �
 �5 @# �GH�� �� :� 6#�R� .
�RH� L�3Z	 �7 ��
�7 ��H( �������� v�� 8�# @# o39�	 6�5

c��9� �9�� ^�
 :�1��	 6��H( �#��	 	�< �5$%���O &d�� .���O �%�m� �6��R%� %R���9[ .�9%R��#
 R�����[ .��9R/# � LO 6�R5
���� 8%� &�4���%5 6�5���%[ � 6�#
@�� ��	@ .8%-��%	 c��R9� �R� �R;�� �R� .�R< z#��9R/# $R%� Y9�%/ 6�5 8R�# @# .V5�]R[

�������� a/��	 �ZX �� &���7 6�56#�� d�� 6@�/#�;u�3�	 &LO u�3�	 �3>; @# &�O 6�5�&	 ��9/# 
�R7 )
�m9R/# �#����R�
���� t3" @# J� �5 k��d 6�5:��� G/
 �5G����i � ���O @# 
�K	 )
�m9/# {(�� �	# 8�# �7 ���$5 �
 &��; .�< �5#�d �5 

?I�� J�! J
� K ::�3� �0�;0� '����� J���PJ����
	 PT��% J���� R����%" P5�%�� PU� P����B :0�0���� 

�4	�"5� 
�> ����-"������ ,&��( �#�#���� ,P�� � > �� � �H>�9 � ���&� > �g ��

���& ,��-7< ���7> !����>��. �!&���
 !������� �� �> ! 4� �E
�;> �� ��h �-��� ���� tH-;( !�� � �)Lee et al., 2011(�� .

��h & �<��> �;> O�B :�E � > j���- ������ ���� & �� 4� �E 
���< !&���
 !�> �
��" �.�0( !���� �a�� 	� & t H-;( !��

�  ( ,��A-  � � �  	. O�  -�. � ��  %�> .�  ��. 4�  �( � �  ���� �  A�.



��S  �
�)��M +$D$� X�����# �
�)... dx.doi.org/10.22093/wwj.2019.194617.2899 
29

����� ��� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 31, No. 4, 2020 

�> !&���
 :���� !���-(��c 4��E & �� �h ���� . 4� �( ,� ��.
 � �h k�� :� ����� � �����c I�( Q�� � > � � � ( ��	 � & .���

R�� e  (�S� � �  �����Y(�. ���  ��c �  a�� !�  � ���%  ��0( !�  �
 : � p�9� ����> ��#�aL ��>�� ���G� � �#�S#�( j�(���� 4�d	�

����h ��% � .� � ,�� . e�� 7� � ���5 ����. �j �(���� !&� �
 ��-"� � � ���> �� �#� S#�( �� �  ��5 ��>�� . � ��� �h � ��
 !�  �

�  ��(& ��� !���  ���� �)5 ��A  8� 4�  d	� t  H-;( !�  � ����  ��
  �HB !&� ��
 � �-7�& !����hO�� > � � ,��- 7< �� K ,��A- � !

�  ( ��  �.(Heiranian et al., 2015, Cohen-Tanugi and 
Grossman, 2014, Khataee et al., 2016, Azamat et al., 

2018) � ���> �� � ���� � � 9� Q* � ���. $
�( �( :� �.
��h ����. R�� .�� ,�� �� ��%� !�� � ���� I . �� 0# & !&��
O�-�. �4��> R�� � > �% 7� � a�� !���( �"�> � 4��> ��Mc !� �

�  > .��-  7� �  ��> ���a  ���(&5 �  +� 2��  � �  ( �  � �  A< 4�  �
��%� !&� � �#� S#�( j �(���� !� > � �� ( �� %E p �9� � ���>

!��u� �> 45 ��%g� ���� . �a�� aL � 45 ��%�> � =�
 O�'-� !��
�  �h �� �  . ��  " ���  �H	E 6��  � �  �#�g( � ���  � ��  �> �� �  �

,�a���(&5 �> �� 4�S( �H	E 2��� � . ������-"� � � � �7�� ��Mc
�  > &�  �� ,�  �� �  �#�� ���a  ���(&5 2��  �   � ,��A-  � ���  ( ��  � 

.(Azamat and Khataee, 2017, Barzegar et al., 2016, 
Werber et al., 2016, Azamat and Khataee, 2016a) ��� �

����� 2��9 ���� �����%� !�> � ��� I-7�� !&�� 4�<���< !��
.�� ,���< �	� w��'( �� �S���� !������� �

��%� !&�� �#���( & �#�S#�( j�(���� !�� :�� �� � .�B !��
 O�0� ����> !�>I-7�� ���(& � ( ,��A-� �� !F� � � >�� .� ��.

!���� 4��( � e�7��-c !��1� ( ���(&5 tH-;( �� %-E � � ��� �

��%� s��-� ��%� ��. w�� .���� ���� � !&�� !&� ��� > !� �%( 
� ��< !� > ,� � )� ;-� !�� �� 4��( .� � � ���> ��� ( !� �

4�	� �#���( �� �. ��K{�( ,����( ( ����O�� > !�� �� � -�� �� .
��%� !�> ������ 4��( !&�� e� 7��-c !F� � �a�� �> �#�S#�( !��

��-7� I-7�� �( e���� �;> �� & �.���� I��> �;> ��. !� �
 �#�S#�( 4��� ��I��> �a�� �;> � !����c ��. �#�S#�( :�> !��

 ��!����c��h.
I��> �> ��>�( �;> ��. e(� � ��#�S#�( 4��� !�� ���� ���c

 
1 Force filed 

���& O��� !� � �� ���< :�> �. ��-7� ���� �� 
� I �> e8-( !��
�> � ��� �( 4��> ��& 2��� ��� 

){(
∑

∑ ∑
δ−ϕ+

+θ−θ+−=

ϕ

θ

dihedral

bond angle
2

0
2

0ijbonded

))cos(1(k

)(k
2
1)rr(k

2
1U

�� �.45
rijI� :�> �H��� � ��r0��#���� ����c O�Kk.� � !� ���c � >�3

 :��d	�θ���< :�> ���& ��%� O�K �� �� �!&��θ0� �#�� �� ���&
kθ�-(��c .�� ���& �>�3kϕ��d� c �>�3ϕ� �d� c � ��& δ

I�� > �% ��0( !� > � ����� 4� �( �� .� � &�� ���& �� . !� �
���< :�> !����c��h I��> & �tH-;( !�� �� . ��� !� ��� � 7#�

 �S���-���-S# ���( ,��A-� �%	#�. � > � . �� � 2�� � � #���(}
t�����(���� 

)}(
ij0

ji6

ij

ji12

ij

ji

jicvdwnonbonded

r4
q.q

)
r2

()
r2

(

4UUU

πε
+
























−

σ+σ
−

σ+σ

εε=+=

45 �� �. 

rij �,�� �� :�> �H���εi�σi��� �# !� ��-(��cT��� 
Z�q�a�� ��

 I  � �  y�
 !�  ���> �  ��  � �%  ��0( !�  > �  a�� !�  � & .
I��> ��. ���< :�> !����c��h !�� & I- 7�� j � �� tH-;( !��

����# $�.�� :���9T�#���>\� ( ,��A-� � > � . �� � � �& 2�� �

�� 

)~(
2

ji
ij

σ+σ
=σ�jiij .εε=ε

��%� �� O�B :�E �� !&�� �R�� � ( ,��A- � ���� � > � � �� �
I� & �	. ���� & ,��A-� I- 7�� �� " 4�-> �� � � �9� !� �

��c :� & �S� .��. ���>R�� �>�� �� !&� ( 6��� & ,��A-� ��
 � 	. v�-%7� ���� & ,��A-� �> )���-( !&�( 6��� j	. �> .��

�  ( 2�� & ��%  � j  � 4�  � �  ��< �  > � !&�  � �  . �� =�  /� !
 �> ��� !�������2�� � j� ,��� 6��� �>��(.���> ��9� O�� 

2 Lenrard-Jones 
3 Lawrence bertoli 



;�.E �O1M dx.doi.org/10.22093/wwj.2019.194617.2899 

30

����� ��� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 31, No. 4, 2020 

 �HB �� H;( !&� ��
 � �� %E ����> ���Pc :� & Q�� O�
)5T�#�#���� & ,��A-� �> 4�-� � > � �>�. !�� ��% � j 	. !&� �

 �#�S#�( j�(�������HB & �S� 4�-� .O�� � �-��� �#5 !��
 � > ���( j� �. !�� � � � O��- � e >�9 ��� 7> � �� � �� ��

 �-�� � !� ���>��. � � � ���� � ���� �.(Likhodii et al., 

2003) �%  7� �  > 4�-  � ��-��  � !���  ���� �� �� t  H-;( !�  �
 �  ( ��  H;( )5 �  > 6�  0( �  .�0( !��  �� �O�  B :  � �  > .��  �

 : � !&� ��
 .� � t�� + �� -( :� ��c �� �S�(�����(��
��H;( : S	( !F�� � ����� Q�� 4��> �� � 7�� �4�a ���Pc

 R�� :-�� � �� ��� �- ��> ,&��(  > � . ��- 7� ��� � Q� � 4��
e(�. !&���
 4�S( �!F�� �HB �-�> � ��O�I��� �� �� �.(Liu et 

al., 2005) �� H;( !&���
 ���(& �� �>��( !����. ����> !� �
�( 4��� tH-;( !����-"������ & ,��A-� �> tH-;( :� �� �. ���

 ,&�B���Pc !�� !�� �-( ,� � =� /� � �.(Shi et al., 2017, 
Soetens and Bopp, 2015, Azamat et al., 2016b, Taheri et 
al., 2017, Núñez-Rojas et al., 2018, Azamat and 

Sardroodi, 2014 )5 ��H;( !&���
 ���(& �� �-%# �.T4�-�
�#�#���� 6��� .��� ���� �	HE �>��( �� ��>��( ���( ��>�. !�� 

�  > =�  9 :��  < ��  7. �  �h & ,��A-  � �  > 4��  S	� � �  ���
)5 ��H;( !&���
T��% � R�� 6 ��� O���� j �(���� !&� �

 ����. �#�S#�()Fang et al., 2018(,� AB �� . : � �� ���5 . ��� �
,&�� �> � � ���. �� /� :�� < �� 7. � �h �g � �� t H-;( !��

�
��" ���� O�	E �> XY��.����. ��H;( !&���
 �> =�9 
���  ���Pc �  a���R�� & ,��A-  � �  > 4��  S	� � ����  ���

��%� �#�#���� & �#�S#�( j�(���� !&�� � �>�. !� � ,&� � � > !� �
 )5 ��  H;( !&�  ��
 !�  > t  H-;(T�  ���. ,��A-  � O���  -(

(Winarto et al., 2015) & �� . : � �� ���5 . � #�#���� � �>�. !� �
�> �� " � G� ��� ( �� H;( !&���
 !�> �#���. 4��E�O� 	E � >

 � > � . � ��� 4� �� � ��5 .� ���. ,��A-� �I-7�� �> �S��-S# 4��(
�  #�#���� �  g9 ���  � ,��A-  � !�  � ,�  � !�  > I-  7�� ����  . �

�( ���. O���-( !&���
 .�>�� 
 > ���P c : � �� �� ( : � !�-�� �� 4� S( �� > :� #� !�

 )5 �� H;( !&���
T� #�#���� & ,��A- � � > 4�- � � �>�. !� �
 ����>��� #�#���� k�� :�> & . � ���> & X c �� �>�. !� � !� �

 ��H;( !&���
 !�> � �� ,��A-� ���5 eS� �#��� k�� & ���#�

)5Tj���- ������ �
�� " �� �� �� G� ��� ( I-7�� �> �4�-�
O�	E  �HB ��%E �� ���� O�	E 2��3b� ��(� �� .��O�� )5 !� �

�#�#���� p��K & 4�-� ��#�g( ��>�. !�� � � � � ��5 :� �d	� .
��
 O�S#�( !��< �HB !���#�#���� & ��%E :�B �� O� e� 7��-c �� �

�HB ��F����� !������c 6��-( ���� �:�a���( !����O�4� (& � ��
���< !��&�> > ���#�#���� e"� & ��%E =�a�� �����> ����4� 	� .

��%� I-7�� ��� ,��� �. ��K ��� �� v*%9 ��+�B !&�� � ���Pc �
: � �� � � ��� �>� �( ���	� ���P c ���� . ��� > :� #� !� >

�#�#���� !&� ��
 �� G�( � > t H-;( �� �> � > eS � �#�� � !��
)5 ��H;(T,��A-� 4�-�.�� 

V4� ��%� 6�� � 

V4�407#!� =1�� ���� 
�#�#���� & ���Pc :� �� ) eS � �#�� � ��>�. !�����) � (��� (

� %��'� � g9 �>��/��{�/�O� K � =��- 7a�5}�=��- 7a�5
�#�#���� �	� ��-"�� .�� ,��A-� �� ,�� ,��A-� !�� ���P c : � 

�#�aL ��>�� ���G� 2�%��0( & ,��A-� �>1� ���c O� K � �� ����>

I� !���& ��#�#���� !�� �> �� eS� �� .�(5 ���{: � & ���	 �
�#�#���� .�� ,�� ,�� 4��� �� 

Fig. 1. A schematic of carbon nanotubes. right: (5,5) 
carbon nanotubes, left: (6,6) carbon nanotubes 
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Fig. 2. a) Schematic of equilibrated acetone box,  
b) schematic of equilibrated water-acetone mixture box 
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Fig. 3. A snapshot of the simulation box with the size of 
18×18×230Å3
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 4�(& 2�( �� �#�S#�(_���� ��% � O� K �� .�� =�/� ����3 �!&� �

�#�#���� .� ���> � .�B �> ���9 4�-� � )5 �. �#�B �� ��> �>�3 ��
 ,��A-  � O� ( O� S#�( !�  > ,� � O�  ( ���P  c : � �� )5 !�  �

TIP3P �� > )Jorgensen et al., 1983(:� E �� O� ( : � � �& �
O�( �> �%7� ��<��� O�S#�( !�> �a�� !�� !�� �>�" s��-� �)5

.�� ,�� � 
�� � ,��A- � ���P c : � �� �U ������ 4��( !�� �� 4� �(

CHARMM32 ��%  � �(�  	� .��  > !&�  � =�  � 6  ��� �  � ��  �
NAMD2.12 )Phillips et al., 2005(=� /� � � & ,��A- � � > �

=�� ���VMD1.9.3 e��B �����	� � s��-� ��#��5.�� 
��%� !&�� � HB�( �� :���� ���
 �HB�( �� �� �G� ���( !��

 � HB�( �� XY � �� � ����> :��H. �
�� �A� !�(� �� I-7�� �O�
 �> :��H. �
�� �A� & I-7�� !�(� �!��>Zol ���� :��H. �
��

��%� �� =� /� � (� :� �� !&�� �� � �=� � � HB�( �� � ���� �� �
��%� !�(� �� !&��Zol 
���> :��H. �2�(_����3������ =�/� .

��%� ��HB�( �� :� =�	� & ��> � � ��/� � �� �� 4� ��c � > !&� �
=�� 6��� s��-� e�H0� ���VMD =�/���� . �� �.� �> =&J .

�> ��%� �(�	� �s��-� �-��> �9� ��G�( !&� � � �_� � `�� S� �� >
���	� �� ,�� 4��> s��-� � ���� B � � : � s�� -� :�a�� �( & e ��

��%� !&�� ���� ,��A- � � y�
 !����> � ���
 ����# !���-(��c .
 ,����%� �� !&�� �#�#���� !�> �� O� S#�( � 4�-� ��� �� )5 !� �

 O��
V,�� 4��� .�� ,�� I�� > :� �d	� � ��< :� > �� . !� �
I��> e(�� I-7�� �� tH-;( )5 �� .T)5 �4�- �T #�#���� � ��

4�-�T���� # $�.�� :���9 & ,��A-� �> �#�#����T�% ��0( � #���>
.�� 

V4V4��"!  ��B� ���K� Q!Z�7�� 
�> ���Pc :� ��  �HB !&� ��
 �� G�(O�� #�#���� 6 ��� � � !� �

 .�� > ,�� �B�K I-7�� �> �
��" !���� j� O�	E �> &��� ���>�.
�( ��. :� ��
 �� �>�3 !���� j� O�	E �> ���� !� �x�y�z� >

O�S#�( !�� � G� ���( !�� �� � =� /� j � ,� � O� 	E !�� �� .
��J �� � ���� 4����< �. ��. ���" ��/� �>5 ,��� !�� � > � /�(

�> �G� ���( I-7�� Q�K �� �> ���� Q*-" !&� ( 6�� � � HE
 .�� ���" �>���� 

!���� ��G�( :� �>F��0( ��
 ��z� . � � O� 	E I-7��
�> ���� :� ����� ���� 2��� w�7B I-7�� �� �
��" j���-�

�( .��� � #���( ^4� �> �� �� � �#� 	E !�� �� 4� �( � g>� ,� ��.
����� �� �@��-( j���-� 

)�(
n
*APF ∆

=

45 �� �U 
F�#� 	E !�� �� 4��( $ 7B�>PN �∆P��� �� �� �� j���- �

��%� �%�
 !&�� O����c�a( $7B �> �A� �h �g'( �g� �B�7( 
�>�(�-( $7B �> �nO�S#�( ���� :� .�� I-7�� �� ��
�( !��

 & !���  7> �� R�����P  c !�  � ,��A-  � �  �� �  a��,�  � �  �
.(Jafarzadeh et al., 2019, Ansari et al., 2019) �� �� ,���0(

 & ���Pc :� �� I-7�� �> �#�	E_��Vrr .��> O�S��c�a( 

V4�4]!d2�!� =�.!2 :!#2�7U 	X��'� 
� � I � e(� � � ��< j � �� %E =� E � � �� %E O�	-B ����> !�>

 ����( ��" ��7( j� & O�S#�( 2�% ��0( & �� #�#���� j� e"�
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Table 1. Lennard-Jones parameters and partial charge used in the simulation 

Atom type ɛ (Kcal/mol) ����(Å) Partial charge 
(q)

Carbon in carbonyl group of 
acetone 0.1100 4.000 0.448 
Oxygen in carbonyl group of 
acetone 0.1200 3.400 -0.570 
Carbon in acetone 0.0550 4.350 +0.061
Hydrogen in acetone 0.0220 2.640 0.000
Carbon in nanotube 0.0859 3.816 0.000
Hydrogen in water 0.0460 0.449 +0.417
Oxygen in water 0.1521 3.536 -0.834
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Fig . 4.  The number of water and acetone molecules passing through the (5,5  (and ) 6,6) carbon nanotubes at the 
various applied pressures. The points displayed the average numbers which obtained from different 

runs for each applied pressure and the error bar also confirms this point  
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Fig. 5. The potential of the mean force of water and acetone molecules in the (5,5) and (6,6) carbon nanotubes 
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Fig. 7. The density profile of acetone and water 
molecules inside the (6,6) carbon nanotube 
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Fig. 8. The trend of the number of hydrogen bonds 
between water-water and water -acetone molecules  
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