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6. Solvent Self-Diffusion Coefficient 

 
��
�� �

��
�� �

��
�� �

��
�� �

�
�� �

��
�� �

��
�� �

��
�� �

k n
/k

w
 

� ��
�� ��
�� ��� �
�̃�� 

 
����
��� �
����

 ���� �

���� �

��� �

��� �

��� �

��� �

�� �

D
(

10
-1

0 (m
2 /s

))
 

� ���
�� ���
�� ���
�� �
�cY�}Â¿Z¿�Ê¼nu�|��{�̃�� 

� �Iranian Chemical Engineering Journal Ō Vol. 14 - No. 82 (2016)

�µÂ¸v»��{�}Â¨¿�\Ë���É�Ì³d�Y�µÁY|f»��Ä¯
��Â/¸Ìe�Ê³|À¯Y�a��Á��,���Á��,

Äf�Å�Ê�Ì�ZÀ¤»ÉY��{�¯�Ã�Z�Y���½ZÌ»��{
�º/¯��Ä/ÀË�Å��¾Ë�/e���Á��Ä/]����Z¼/�

ªË����Y��{Z/»�Ê¯|¿Y��Y|¬»�ªË��eÇ�
����{�½Z/»��Z/]�½M�d�¸£�cY�ÌÌ¤e�É�Ì³

|ËM���
�µZ���{�����Ê³|À¯Y�a�Ë�Ä�¬¿�®

�Ã�}Â¿Z¿�[ZÌ£�Á��Â�u��{�µÂ¿ZeY
�Ã|//ÀÀ¯�Y|ËZa�Á��f»Â¿Z//¿Tween-80�

��d^/�¿�µZÌ�Â¿Z¿��{�²¿��}Â¨¿�Ä¯�|¿{�¯�Ã|ÅZ�»�ZÆ¿M
{�Y{�Ê´f�]�Ã�}Â¿Z¿�d�¸£�Ä]�}Â¨¿�d����Á�d�Y��e����{

�Ä]�µZÌ�Â¿Z¿��{�Ê´¿��Ã{Z»��iÂ»�}Â¨¿�\Ë���d^�¿�,
¾ÌÀr¼Å,�ÉY�Y�Ä]�d�¸£���/f¼¯�ÉZÅ

��d/�¸£��{�Á�Ê·Â//°·Â»�}Â/¨¿ÉZ//Å�%�wt��
�� �
��,µZÌ/���{�Ê´f¨�M�{ZnËY�ÃY�¼Å�Ä]�Ê·Â°·Â»�}Â¨¿��/]����/iY
��d/�Y��iÂ/»�²¿��t����ËY�§Y��{�,cY�}Â¿Z¿�Ê¿ÁY�]����]Z/À]�

���Y��f/�Ì]��ZÌ�]�¹�m�µZ¬f¿Y��{�}Â¨¿�\Ë����ËY�§Y��Y|¬»
�µZ¬f¿Y��{�ÊËZ»�³Z»�³d����\Ì���ÌÌ¤e�¶Ì·{

Ê//ÀvÀ»��{��ୈ౤౜ୈ౭,�Ä//]�Ê// �«��Â//��
��½M�Ê/a��{�Á�cY�}�d�¸£��ËY�§Y�Z]

�Ê/»��ËY�§Y�cY�}Â¿Z¿���h/�Z]�Á�|/]ZË
¯�u�½|��º¯�,cY�}Â¿Z¿�±��]�ÉZÅ�ÉZ/Æf��Ê/¿ÁY�],���{�Á
Ê»�cÓZÌ�Â¿Z¿��{�}Â¨¿�\ËY���½|��º¯�ÄnÌf¿{Â����

���{�ÊËZ/Å�È/ÀÌ»������Ã{Z/»�Ê/»�m�}Â/¨¿
�Â�À»�����{�cY�}�¾/ËY��/iY�Ê���]

�ËZ»�M��{��}Â/¨¿�\Ë���{Ây�ÉZÅ
f§�³�Ã�Y|¿Y��Â¸Ìe�Ê³|À¯Y�a��Á��Ä]�|/À���Z/]�Á

�����|/¿{�¯�Ä/�ËZ¬»�cY�}�¾/ËY�[Z/Ì£��{�Á�Ä/ËZa�µZÌ���{�½M��Y|¬»����{
�µZÌ�Â¿Z¿�d�¸£�Á�µZÌ�Â¿Z¿�ÉZ»{��f»Y�Za�Á{�ZÆ¿M�ÉZÅ�Ê���]

�¶°//���{�Y��Ã|//»M�d//�{���Ê//»�Ã|ÅZ//�»�,��-|//ÌÀ¯

 

1. Membrane Cell 
2. Taylor Dispersion 
3. Light Scattering 
4. Nuclear Magnetic Resonance
5. Rodamine B 

�¶°����Ê·Â°·Â»�}Â¨¿��ËY�§Y�½Y�Ì»�Ä�ËZ¬»
�cY�}Â¿Z¿�ÉÁZu�µZÌ�Â¿Z¿��{

��
½Z¼Å�Ä¿Â³��Ä¯,d�Y��Z°�M�����Z/»{��ËY�/§Y�Z/]�µZÌ�Â¿Z¿�d]Zi�d�¸£��{

Ê»��ËY�§Y��Ì¿�}Â¨¿�\Ë��|]ZË��
�Z/»{��ËY�§Y�Z]�Ä¯��ÉZ/Æf¯�u��/iY�,

�Á�Ã|���f�Ì]�cY�}Â¿Z¿Ä]��Ê/»�}Â¨¿�\Ë����ËY�§Y
µZÌ�Â¿Z¿�d�¸£��ËY�§Y�Z]�d]Zi,

��

¶°������}Â¨¿�\Ë��Rodamine B

��
�¿Y�Z°¼Å�Á�ÁÂ¿Y�Âe]�[��[M�µÔu�É}Â¨¿�{Ây�\Ë��

[M�µZÌ�Â¿Z¿�
�¾ÌÌ e�Z°Ì¸Ì�|¿{�¯
��������ÅZ/¯�[M�}Â/¨¿�\Ë�/��,Z°Ì¸Ì/��cY�}Â¿Z/¿�Ê/¼nu���¯��ËY�§Y

Ê»�|]ZË��½Z¿M��^u�Ä]�Y��cY|ÅZ�»�¾ËY
|¿{Y{�d^�¿���

 

 
����

��� �

��� �

�� �

�� �

�� �

�� �

D
n/

D
w

 

 �� ��
�� ��
�� �

 
��
�� ���
�� ���
�� �

�cY�}Â¿Z¿�Ê¼nu�|��{

��

� �

Ã�Y|¿Y�ÉY�]��Á��|Àq�µÂ¸v»��{�}Â¨¿�\Ë���É�Ì³
Ê»�Ä¸¼m�½M��YÊËZ�£��Á��Ä]�½YÂe���Â/¸Ìe�Ê³|À¯Y�a��Á��,

�Â¿��za����Á��Á|Ë|�e�Äf�Å�Ê�Ì�ZÀ¤»
�Á��¾ËY��Â¸Ìe�Ê³|À¯Y�a��Á��,ZÅ�º/¯

Ê»�|ËM���Á��¾ËY��{,��}Â¨¿�\Ë��ªË����Y
Ã�Y|¿Y�Á�µÂ¸v»��{�Ã|¿Â��¶u����{�½Z/»��Z/]�½M�d�¸£�cY�ÌÌ¤e�É�Ì³
Ä]�µÂ¸v»�µÂ���{�}Â¨¿��iYÊ»�d�{|ËM

��¿Y�Z°¼Å�Á�Ê��Â»ZÀ�Ë�¯]�[��µZ���{
Â¸§�Ê´¿�ÂW¿Z����[M�µÂ¸v»��{�Y����Ã�}Â¿Z¿�[ZÌ£�Á��Â�u��{�µÂ¿ZeY

�¹Â//ÌÀÌ»Â·M�|Ì//�¯Y�{Z// ]Y�Z//]����Ã|//ÀÀ¯�Y|ËZa�Á��f»Â¿Z//¿
|¿{�¯�Ê���]����d^/�¿�µZÌ�Â¿Z¿��{�²¿��}Â¨¿�Ä¯�|¿{�¯�Ã|ÅZ�»�ZÆ¿M
�Ë���[M�Ä]{�Y{�Ê´f�]�Ã�}Â¿Z¿�d�¸£�Ä]�}Â¨¿�d����Á�d�Y��e

�d�¸£wt%��
��Ä]�µZÌ�Â¿Z¿��{�Ê´¿��Ã{Z»��iÂ»�}Â¨¿�\Ë���d^�¿�,
ÄËZa�µZÌ�,��ୈ౤౜ୈ౭�,�d�Y�ÄÀÌ�Ì]��¾ÌÀr¼Å

��Ywt%��
�,���Z¯Á�Z/����d/�¸£��{�Á�Ê·Â//°·Â»�}Â/¨¿
Á�%�wt�����,µZÌ/���{�Ê´f¨�M�{ZnËY�ÃY�¼Å�Ä]�Ê·Â°·Â»�}Â¨¿

¯�uÉZÆf���d/�Y��iÂ/»�²¿��t����ËY�§Y��{�,cY�}Â¿Z¿�Ê¿ÁY�]
¶°�����,����Y��f/�Ì]��ZÌ�]�¹�m�µZ¬f¿Y��{�}Â¨¿�\Ë����ËY�§Y��Y|¬»

�\Ë����ËY�§Y�¿Z����µZ¬f¿Y��{�ÊËZ»�³
Ê//ÀvÀ»��{�୏౤౜୏౭��Á�//Ì¿��{Â//mÁÄ//¸«�Ê//ÀvÀ»��{

d�Ì¿��z�»,�{ZË��µZ¼fuY�Ä],���½M�Ê/a��{�Á�cY�}�d�¸£��ËY�§Y�Z]
�ZÆ¿M�¾Ì]�Ä¸�Z§�½|��º¯d�Z^¿Y��Ê/»��ËY�§Y�cY�}Â¿Z¿

Ä�Ây�{ZnËY¯�u�½|��º¯�,cY�}Â¿Z¿�±��]�ÉZÅ
Ê»�cÓZÌ�Â¿Z¿��{�}Â¨¿�\ËY���½|��º¯�ÄnÌf¿

��¿Y�Z°¼Å�Á�²À§]�[���ËZ/»�M���{�ÊËZ/Å
¾Ì»Y{���B�[M�µZÌ�Â¿Z¿��{
���»Ä]��Â�À»

|¿{Y{�¹Zn¿Y�µZÌ�Â¿Z¿�µÂ¸v»��½Z¿M��ËZ»�M��{
�µZÌ�Â¿Z¿��{�Y��Ã{Z»�¾ËYf§�³�Ã�Y|¿Y��Â¸Ìe�Ê³|À¯Y�a��Á��Ä]

�����|/¿{�¯�Ä/�ËZ¬»�cY�}�¾/ËY�[Z/Ì£��{�Á�Ä/ËZa�µZÌ���{�½M��Y|¬»
�ËZ»�M�µZÌ�Â¿Z¿�d�¸£�Á�µZÌ�Â¿Z¿�ÉZ»{��f»Y�Za�Á{�ZÆ¿M�ÉZÅ
|//���Ä//]�lËZ//f¿��¶°//���{�Y��Ã|//»M�d//�{

esonance 



 

���� �Ã�Z¼��/�ºÅ{�ZÆq�µZ��/�½Y�ËY�Ê¼Ì��Ê�|ÀÆ»�ÄË��¿¹Á{�Á�{Zf�Å�������� �

cÓ
Z¬»

��

½Y�Z°¼Å�Á�É�Â�À»�¥��Y]�[�������\Ë�/���/]�Y��Z°Ì¸Ì/��Ã�}Â¿Z/¿��ÌiZ/e
�����Á��Ä/]�,[M��{�µÂ¿Z/eÂ]Y�fe�}Â/¨¿�\Ë���Á�[M�É}Â¨¿{Ây�|Ë|/�e�

�Äf/�Å�Ê�Ì�ZÀ¤»��|/¿{�¯�Ê/���]�ÉY�������Y�Z°Ì¸Ì/��µZÌ/�Â¿Z¿�d/�¸£
���
����Ze����Ê¼nu�d/�Y���ËZ/f¿l����Y��É�ÌqZ/¿��ËY�/§Y�����Y��/f¼¯
�����,[M��{�µÂ¿ZeÂ]Y�fe�}Â¨¿�\Ë���Á�[M�É}Â¨¿{Ây�\Ë����{���{

d�Y�Ã{Y{�½Z�¿�Z°Ì¸Ì��cY�}Â¿Z¿��Â�u��¿M�½Z����Y���ËY�/§Y�¾/ËY�d/¸�
¯�uÉZÆf��Á�Ê¿ÁY�]�Ë�Ä]Zm�ÊËZ/m�ÉZ/Å������½Z/Ì]�Á�|Àf/�¿Y{�cY�}Â¿Z/¿

�Â�u�|¿{�¯�Z°Ì¸Ì��cY�}Â¿Z¿�ÊËZÅZ�§�Y���Y�µZÌ��µZ¤�Y��Ê/»�¯�,|/À� �
Á��¾ËY��Y�ºnu�É{Y�M�Ä¯��{��Ì�»�}Â¨¿��Å�µÂ°·Â»���Y�/«��Ê/»�{�/Ì³,�
�ÅZ¯�Ê»|]ZË���

��
������ÉZÅ�Z¯Á�Z������{�Ê·Â/°·Â»�}Â/¨¿�{�Â»��{�Ã|��s��»

µZÌ�Â¿Z¿� �
��¿Y�Z°¼Å�Á�Ê��Â»ZÀ�Ë�¯]�[�����{�²/¿��}Â/¨¿�\Ë���cY�ÌÌ¤e�|¿Á�

�ÄÌmÂe��Ë��c�Â��Ä]�Y��cY�}�Â¿Z¿��Â�u|¿{�¯���
½M�ÉY�]��ZÌ¿�{�Â»�½Z»��µÂ°·Â»�Ä¯��²/¿��ÉZ/Å����Ã|/ÀÀ¯�}Â/¨¿�Ã{Z/»��

�Y��cY�}���«�Ã�Y|¿Y�Ä]�É�Ì�»�Y�d�Y�c�Z^��,|ÀÀ¯�Ê��]�Á�[���
��
���� ௠ݐ� ൌ ௗమଶ஽��
��

�½M��{�Ä¯D�\�u��]�[M��{�²¿��}Â¨¿�\Ë����୫మୱ���Ád��Ã�}Â¿Z¿���«
�\�u��]����d�Y���

�cY�}��ZÌ¿�{�Â»�½Z»�ÉY�]��É�Ì�»�½{Â¼Ìa�Z/]�µ{Z »����Ä/¯�½Z/���«
Ê¿ÁY�]�d¯�u�½Z¼Å���,d�Y\Ì¯�e�Z]��Ä/·{Z »�É�ÓZ/]����}Â/¨¿�Ä/·{Z »�Á

�¯Âf�Y��YËf�ÀÌ�¾]��[�Ê»�d�{�Ä]��Y�«�¾ËY��Y�|ËM���
��
���� ௕ݐ� ൌ ଷగఎௗయଶ௞್�்��
��

�Ä�]Y���{�Ä¯ÓZ]��ୠ���\�u��]�¾»�f·Â]�d]Zi�୎୏��,T�����\/�u��/]�Z/»{
����,d��\�u��]�Ã�}���«�����ÁɄ�ÃZ´f�{��{�ÉÁ�¿Y�³�SI�d�Y���

ÉY�]�½Z»��Á{�¾ËY�Ä^�Zv»�Z]��®Ëd·Zu�Ê»�Ã|ÅZ�»�,�Zy��Ä/¯�{Â� �ୠ���Y��f³��]�୫�{Â]�|ÅYÂy���Ê/»�µÂ��Ä¯�Ê¿Z»���a����²/¿��Z/e�|/�¯
�����ÉY�/]�Ä/¯�Ê¿Z/»��Ä/]�d^�¿�|À¯�Ê��Y��cY�}���«�Ã�Y|¿Y�Ä]�Êf§Z�»

 

1. Microconvection 
2. Brownian Motion 

���{Â/]�|/ÅYÂy��/f¼¯�,d�Y��ZÌ¿�Â¿Z¿�cY�}���Âe��Ì�»�½Z¼Å�½{Â¼Ìa��
¾ËY�]ZÀ],�Ê»��Z^Àf�Y¯�u�Ä¯�{Â�ÉZÆf���f/�»��Â/��Ä]�Ê¿ÁY�]��{�ºÌ¬

|¿�Y|¿��¬¿�}Â¨¿�\Ë����ËY�§Y��,�´Ë{�½ZÌ]�Ä]��Ê/¼¿�cY�}Â¿Z¿��|/À¿YÂe
µÂ°·Â»�¶Å�Y��ZÅ|ÀÅ{����|¿Â/��½Z/��f�Ì]�}Â/¨¿�h�Z]�Á-��Ä/°¸],���¾/ËY

¬»��{��ÔfyY��ËY�§Y�Á�dËÂ¬e�¶Ì·{�Ä]��ËY�§Y��ËZ»��Z§��{�Â¿Z¿��ZÌ
ÉZÆf¯�u�Ä¯�d�Y�Ê»�dËÂ¬e�Y��½M�Ê¿ÁY�]|À¯���

�ÉY�]��ZÌ¿�{�Â»�½Z»�½ZË�mÄ]Zm�ÉZÅÊËZm�Ä]��Â�À»��Êf§Z�»�½{Â¼Ìa
�cY�}���«�Ã�Y|¿Y�Ä]�Y�d�Y�c�Z^��]��[���

��
���� ஼ݐ� ൌ ௗమଶఔ��
��

�½M��{�Ä¯d��\�u��]�Ã�}���«�����Áɋ����Ê/�^Àm�ÉÁ�/¿Y�³�୫మୱ����{
ÃZ´f�{�SI�d�Y���½Z»��Ä^�Zv»�Z]�,ÓZ/]��{�Ã|�{ZË����|/ÅYÂy�Ã|ÅZ/�»

���Ê/¸^«�½Z/»��Á{��Y�½Z»��¾ËY�Ä¯�|���fÅZ/eÂ¯��d/�Y����/a��Ê/»��½YÂ/e� �
½ZË�m�Y��}Â¨¿�\Ë����ËY�§Y�Ê¸�Y�¶»Z���Ä/]Zm�ÉZ/Å����Y�Ê/�Z¿�ÊËZ/m

d¯�u���������{��Ôf/yY��ËY�/§Y�\/mÂ»�Ä/¯�d/�¿Y{�cY�}�Ê/¿ÁY�]�ÉZÅ
�Ê//»�Ä//ËZa�µZÌ//���{�Â¿Z//¿��Z//Ì¬»|¿Â//���Z//»Y,�Z//e�d//�¸£��ËY�//§Y� �

Ê»�Ê�z�»�|u�µZÌ���{��ÔfyY��ËY�§Y�Ä]�|¿YÂe|»Zn¿Y�É�Â��Ä]�,
Y��Ì]�d�¸£��³Y�Ä¯���Ã|/Ë|a��ÅZ/¯�,{Â��Ã{Y{��ËY�§Y�Ä�Â]�»�|u��

|��|ÅYÂy�Ã|ÅZ�»�}Â¨¿���
�cY�}�Ê¿ÁY�]�d�����³Y�୫�ୱ���|À¯�ÉÁ�Ìa��Ë��Ä·{Z »��Y]�[���

��

���� �௡ܸ ൌ ටଷ�௞್்௠೙� �
��

�½M��{�Ä¯�୬��\/�u��]�cY�}Â¿Z¿�¹�m�kg��,�ୠ�������/]�¾»�f·Â/]�d/]Zi
�\�u�୎୏��,T��\�u��]�Z»{�����d/�Y,���/§Y����Y�cY�}Â¿Z/¿�d/�¸£��ËY

�d�Z^¿Y�,| ]�Ä]�É|u��ËY�§Y��ËZ»��Z§��{�Y��ZÆ¿MÊ»��|/Å{����Ä/]�¾/ËY�Á
��ËY�§Y�ÉZÀ »d��Á�୬�d�Y�µÂ»�§�ª^��Á��ÓZ]�୬���ÅZ¯Ê»��|/]ZË��Á

d¯�u�½M�ÄnÌf¿��{�Ä/]Zm�ÉZÅ����Z/Ì¬»��{��ËZ/»�ÊËZ/m����ZÌ/�]�ÉZ/Å
®qÂ¯��Ê»�|À¯{Â�,����Á�ÓZ/]�¹�/m�Ã{Âe�Z]�cY�}�{ZnËY�Ä]��nÀ»�½Âq
¾Ì´À��Ê»�{Â��|¿�Y{�Ê¼¯�d����Ä¯���

�½Y�Z°¼Å�Á�²À§]�[��d^�¿�µZÌ�Â¿Z¿��{�²¿��}Â¨¿�\Ë���Ê���]��{
�Y��{Ây�cY|ÅZ�»�ÄËZa�µZÌ���{�½M��Y|¬»�Ä]�Y�«�¾ËY��Y��|¿{�¯�ÄÌmÂe

 

3. Micro Convection and Nano Convection 
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1. Surfactant 
2. Carbon Nano Tube 
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1. Mixing 
2. Stationary Settling Velocity 

�½ZÌ]|¿{�¯���

���� �ܸ ൌ ටଵ଼�௞್�்ఘುௗయು��
��

���� �ܴ݁ ൌ ටଵ଼�௞್�்ఘುఔమௗು��
��

��]YÁ���{�Ä¯ÓZ]��ୠ���\�u��]�¾»�f·Â]�d]Zi�୎୏�,�୔��Áɏ୔,�\Ìe�e�Ä],�
�Á��//�«Ê·Z//´q���{�cY�}ÃZ´f//�{�SI��ÁT���\//�u��//]�Z//»{�����Áɋ�

Ê�^Àm�ÉÁ�¿Y�³��\�u��]�୫మୱ��d�Y���ª^��ÉÁ�¯�cY�}�½ZÌ»�Ä¸�Z§
Ê»�½ZÌ]��Ë��Ä�]Y�{Â�]��[���

��
���� ܮ� ൌ �݀௣ ൬଴Ǥ଼ଵఌభయ െ ͳ൰��
��

�½M��{�Ä¯ߝ��cY�}�Ê¼nu�|��{�d/�Y��������Y|/¬»�ºÌ/À¯���/§��/³Yߝ�
Z]�µ{Z »���
���c�Â��½M��{�,|�Z]� ൌ ʹǤ͹͸��୮����Ä¸/�Z§�¾ËY�����Y�

�d�Y��f¼¯�cY�}�¥Y��Y�Ê°Ì»ZÀË{Á�|ÌÅ�É��»�ÄËÓ�d»Zz����Ä/]�Ä/¯
d�ZÀ »�½M�µZÌ�Â¿Z¿��{�Êfu�Ä¯�½Y|Ì»�,cY�}�º¯�É{ÂmÂ»�Z]�ÊËZÅ

�½ZË�m���Ê/»�Á�|/��|/ÅYÂy��«YÁ��iÂ»�Â¿Z¿�cY�}�½Â»Y�Ìa���\^/��|/¿YÂe
�µZ¬f¿Y��ËY�§Y,Ä¿Z°e��É��»�ÄËÓ��{�d����½ZË{Y�³��ËY�§Y�Z]�ª]Z�»

�Â¿Z¿�cY�}{Â����ËZ»��Z§��{�Y��¹�m�µZ¬f¿Y�½M�ÄnÌf¿��{�Á��µZÌ/�Â¿Z¿��
|Å{��ËY�§Y���

Ê´ËZ�¼Å��{�Ä¯�Â¿Z¿�cY�}�Ê¿ÁY�]�d¯�u�Ê»�,{�Y{��Y�«�Ã�}�®Ë�|¿YÂe
¯�u�{ZnËY�\^�ÉZÆf�Ä]Zm�����Ã�}�½M�É��/»�Ä/ËÓ��{�µZÌ/�Â¿Z¿�ÊËZ/m

Â�Ê»��iY�¾ËY�Á�|¿�����Y���ËZ/»�Ã{Â/e�d¼/��Ä/]�¹�m�µZ¬f¿Y�½Y�Ì»�|¿YÂe
|Å{��ËY�§Y������{�d��/��½Z/Ë{Y�³�{ZnËY�h�Z]�Ê¿ÁY�]�d¯�u��«YÁ��{
�É��»�ÄËÓÊ»�{Â���µZ¬f¿Y��ËY�§Y�h�Z]�ÄnÌf¿��{�Á��Ê/»�Ä/¿Z°e��{Â/��,

Ì»�{ÂmÂ»�Ä]Z�e�ª^�Ã|Ë|a�½Z���µZ/¬f¿Y�ÉZ/Å�Ä/¿Z°e�����ËY�/§Y�,¹�/m�Á
d�Y{�|ÅYÂy�Êa��{��Ì¿�Y��¹�m�µZ¬f¿Y���\^��Ê¿ÁY�]�d¯�u�¾ÌÀr¼Å

Ä]Zm�d¯�u�{ZnËY��Y��}Â/¨¿�½Y�Ì»�Á�Ã|��É��»�ÄËÓ��{��ËZ»��{�ÊËZm
Ê»�¹�m�µZ¬f¿Y��ËY�§Y�\mÂ»�dËZÆ¿��{�Á��ËY�§Y�Â�{���

�¿Y�Z°¼Å�Á�Z»]��[���iY�cY�}Â¿Z¿CNT���{�Y�|ÀËY�§���Z³�Ê]Z^u�[~m
­ZÌ¿Â»M
��Ê���]�[M��ËY�§Y�ÉY�]�Á|ÀËY�§����Ê]Z/^u�[~/m�ª/Ë����Y�
�µZÌ�Â¿Z¿¶»YÂ�����Y�³�Y���Ë�|¿{�¯���

���Á�°Ì»��Ë���Ä]Zm�Ã|��{ZnËY�ÊËZmÉZÆf¯�u�\¿Zm��Y���Ê/¿ÁY�]
Ê»�{Â^Æ]�Y��¹�m�}Â¨¿�Ã|Ë|a�Ä¯�cY�}Â¿Z¿|�z]- 



��

� �Iranian Chemical Engineering Journal Ō Vol. 14 - No. 82 (2016)�� �����

cÓ
ZÌ�

Â¿Z
¿��{

�¹�
m�µ

Z¬f
¿Y�\

ËY�
��Á

�}Â
¨¿�\

Ë��
�]�
É�

Á�
»

�����
�����iY�Y�y�µÂ°·Â»�Êv���[~m�½Z¼Å�Ä¯����/�Âe��Z/³�ÉZÅ

�Z³�­�f�»�¶�§��{�cY�}Â¿Z¿�������É��/»�Ä/ËÓ��Y��~/³�Á��ËZ/»
��ËZ»�®·Z]�¶yY{�Ä]��Z³�µZ¬f¿Y�Á�d�¸£-d�Y 

�������{�Ä/ËZa�µZÌ/��Ä]�d^�¿�µZÌ�Â¿Z¿��{��Z³�d�Y|Æ´¿��ËY�§Y
Ê]{��­�f�»�¶�§�ÄÌuZ¿��ËY�§Y�Ä]��nÀ»�Ä¯��Z³��Y�Ê¿Z�°Ë
�Z³±���ËZ»Ê»�{Â��Ê»�{Â^Æ]�Y��[~m�Ã|Ë|a�Á�z]|-��

����d]Zi��ËY�§Y�¿Z���ÊËZ»�³���,Ä/ËZa�µZÌ��Ä]�d^�¿�µZÌ�Â¿Z¿
Ä]��µZ¬f¿Y��ËY�§YÊ»�Z»�³��|/»Zn¿Y�����t�/��ÉZ/»{�Ä/nÌf¿��{�Á

�Z³�­�f�»����ÅZ¯�Y���ËZ»�Ê/»��|/Å{�����¶Ì/�¿Zfa��/»Y�¾/ËY�Á
��ËZ»��Z§��{�[~mÊ»��ËY�§Y�Y��|Å{���

��
���������½Y|/Ì»�µZ/¼�Y��/iY�Ä/ÀÌ»���{�Ã|/��¹Zn¿Y�cZ ·Z�»

µZ¬f¿Y��]�Êm�Zy�¹�m��
�{��ÅÁ�//a��]Z//À»�Z//Æ¿M�È// ·Z�»�Ê//»�½Z//�¿�Ä//¯�|//Å{cZ//¬Ì¬ve�

d�´¿Y�ÄÀÌ»���{�É�Z¼��¹�m�µZ¬f¿Y�\Ë���Á�[~m�½Y�Ì»��ËY�§Y�É
Ã{Z¨f�Y�Z]�Á�µZÌ�Â¿Z¿��Y�½Z»�¼Å�É½{�ÁM�{�YÁ���¹Z/n¿Y�Êm�Zy�½Y|Ì»
d�Y�Ã|����ÅÁ�a�ÄÀÌ»���{�ZÅÉ�Y�«�]���Äf/�{�Á{�Ä]�Êm�Zy�½Y|Ì»

Ê»�º�Ì¬e�Ê�Ì�ZÀ¤»�½Y|Ì»�Á�Ê°Ë�f°·Y�½Y|Ì»|¿Â����
��
������iYÉ�Y�«�]��Ê°Ë�f°·Y�½Y|Ì»�]�¹�m�µZ¬f¿Y� �

��]ZÀ»�ÉÂnf�m�´¿ZËZ¼¿����Ä/ÀÌ»���{�cZ/ ·Z�»�Ä¯�d�Y�½M�É�Y�/«�]�
Ê���]��Y��e{Á|v»�Ê°Ë�f°·Y�½Y|Ì»��µZ/¼�Y�ÄÀÌ»���{�Ã|��¹Zn¿Y�ÉZÅ

�Ê�Ì�ZÀ¤»�½Y|Ì»�]�f¿Y�¹�m�µZ¬d�Y���
�Ã{Y�|¼uY�Á��¯ZÅ]��[��Z³�¹�m�µZ¬f¿Y��]�Ê°Ë�f°·Y�½Y|Ì»��ÌiZe
��ËZ»

��{�Y�|//ÀËY�§����½Z//Ë�m�¶//yY{�Ä//]�Ã�//�«�t�//���Y�½Âf//�Y��//Ìz^e� �
�Ê���]�½�Á�fÌ¿��Z³|¿{�¯���µÂ¸v»��ËZ»��Z§����½Âf�Y���Ä¯�{Â]�[M

��Y��Â^���Y��aÃ�ÂbÌ�����Ê/°Ë�f°·Y�½Y|/Ì»�dve�{Á�f°·Y�Á{�Ä¸Ì�Á�Ä]
Ê»��Y�«d§�³��½Z¿M��ËZ»�M��{ÉZÆ����ËY�/§Y�Ä]�{Ây������d��/���{

|Àf§ZË�d�{��Ìz^e��½Z¿M��Äf§ZË��ËY�§Y��|·ÂÀË��{|��Ä]�Y���ËY�§Y�¾ËY
�dve�É�Y�«�]����Á�Ê/¸yY{�½Z/Ë�m��ËY�/§Y�ÉZm�Ä]�,½Y|Ì»�[Â/�M���{

|¿{Y{�d^�¿�­�f�»�¶�§��Ä¯�d¨³�|ËZ]�Y��{�cY�}Â¿Z¿��Y��ÅÁ�a�¾Ë
�Ê���]�Ê°Ë�f°·Y�½Y|Ì»��iY�ZÆÀe�Á�Ã|�¿�Ã{Z¨f�YÃ|��d�Y���

�½Y�Z°¼Å�Á�ÊÀÌ�u]��[����µZ/¬f¿Y�\Ë�/���]�Y��Ê°Ë�f°·Y�½Y|Ì»��ÌiZe
�¹�m�|/ÀËY�§����É{�¾]�/¯��Z/³�[~/m��[M�µZÌ/�Â¿Z¿��{�|Ì/�¯Y
Fe3O4�

|¿{�¯�Ê���]����{Z«�Ê°Ë�f°·Y�½Y|Ì»�µZ¼�Y�Ä¯�{Â]�½M��Y�Ê¯Zu�lËZf¿
�d�Y��Â��Ä]É�Ì´¼�q��dËÂ¬e�\^�|ÀËY�§�����Ä/ËZa�µZÌ/���{�[~/m

|Å{��ËY�§Y�Y��¹�m�µZ¬f¿Y�\Ë���Á�{Â�����{�Â¿Z¿�cY�}��Â�u��{�Z»Y
���Ê/»�¹�/m�µZ/¬f¿Y�d�����ÅZ¯�\^��½Y|Ì»�µZ¼�Y�,�ËZ»��Z§�{Â/���

�¹�m�µZ¬f¿Y�\Ë����ËY�§Y��Y|¬»�¾Ë�f�Ì]|ÀËY�§����[M��{��Z/³�[~/m
�����½M��ÅZ¯��Y|¬»�¾Ë�f�Ì]�Á�
�����µZÌ�Â¿Z¿��{���
��d�Y��Á

Ê°Ë�f°·Y�½Y|Ì»�c|���{�Á{��Å�௞௏௠�������Ã|ÅZ/�»�/�|����¶/Ì¸ve��{
Ä]�lËZf¿��Y�,Ã|»M�d�{ÉÁ�¿Y�³���iÂ»�¶»Z��Á{�½YÂÀ��Ä]�}Â¨¿�\Ë���Á

�,d�Y�Ã|��Ã{�]�¹Z¿�¹�m�µZ¬f¿Y�\Ë����]\Ìe�e�¾ËY�Ä]��Ä¯�ÉÁ�/¿Y�³�
�Ê/»��ËY�§Y�Ê°Ë�f°·Y�½Y|Ì»�dve�µZÌ�Â¿Z¿�|/]ZË�����ËY�/§Y��ÉÁ�/¿Y�³

�����Ä/ÌuZ¿��Y�Ã|¿Â/��[~/m�L�/m�µZ¬f¿Y��]Y�]��{�d»ÁZ¬»��ËY�§Y�\^�
����������ËY�/§Y�,�ËZ/»�Ê/]{��ÅZ/¯�,�ËZ/»�Ã{Â/e�¶/yY{�Ä/]�­�f�»�¶�§

½Y�Ë��º¸Ì§�d»Zz�,�Ê»�¹�m�µZ¬f¿Y�\Ë����ÅZ¯�ÄnÌf¿��{�Á�{Â/���
dve�µZÌ�Â¿Z¿��{�}Â¨¿�\Ë���¾ÌÀr¼Å��ÌiPe���Ê/°Ë�f°·Y�½Y|/Ì»���/Ì¿�

��ÅZ¯Ê»�]ZË|���ÅZ¯�h�Z]�ÄnÌf¿��{�Á�Z������d/Æm��{�¹�/m�µZ/¬f¿Y
Ê»�½Y�Ë��º¸Ì§��]�{Â¼�{Â����

��
������iYÉ�Y�«�]��Ê�Ì�ZÀ¤»�½Y|Ì»�]�¹�m�µZ¬f¿Y� �

�¾ËY��{�z]��ÅÁ�a�Ê���]�Ä]����Ä/ÀÌ»���{�Ã|/��¹Z/n¿Y�ÉZÅ�{�]�Z/¯�
�µZÌ�Â¿Z¿�Z]�ÃY�¼Å�Á�Y�n»�c�Â��Ä]�Ê�Ì�ZÀ¤»�½Y|Ì»Ê»�ºË�Y{�a���

��¿Y�Z°¼Å�Á�c�rË�]��[�����½Y�/Ì»��/]�[ÁZ/Àf»�Ê�Ì�ZÀ¤»�½Y|Ì»��iY
ÊjÀy��À¯YÁ��{�¹�m�µZ¬f¿Y��µÂ/¸v»�É�Z���ºË|/����{�|Ì/�¯Á�|ÌÅ
�Z]�Ê�Ì�ZÀ¤»�cY�}��Â�u{Z ]Y�½Á�°Ì»��f»Á�°Ì»���®Ë��{�Y�½�z»�

�Ê���]�Ã{�¼Å|¿{�¯���ËZ»�M��{��Ì¤f»�ÉZÅ�f»Y�ZaÉZÆ����d��/��Z/Æ¿M
{Â]�Ê�Ì�ZÀ¤»�½Y|Ì»�c|��Á�½�¼Å�Y�Ä]�|Àf�¿YÂe�ZÆ¿M��ËY�§�����
|À]ZË�d�{�¹�m�µZ¬f¿Y�\Ë����{����{�¶°/���������Ê/¸¯�s�/����¾/ËY

½�z»�dÆm�Á�Ã{�¼Å�dve�Y��Ê�Ì�ZÀ¤»�cY�}�É�Ì³��ÌiP/e���½Y|/Ì»
Ê»�½Z�¿|Å{��½Z¿M��iY��{�Y���ËY�§Y�¾ËY�Ä¿Z°e�Y{�ÉY�¿|Àf����d/ve�Ä/¯

�Ê�Ì�ZÀ¤»�½Y|Ì»��ÌiZe��Ã|/���Y�/«�]���Ä/]Zm�h/�Z]�Á���cY�}Â¿Z/¿�ÊËZ/m
Ê»�{Â����«YÁ��{,�Ä]Zm����Ê^/�¿�d��/���ËY�/§Y�\^��cY�}Â¿Z¿�ÊËZm

Ê»�½M�½Â»Y�Ìa�µZÌ��Á�cY�}�t���¾Ì]�{Â/�����Ä/]�½Z/Ì]���/´Ë{,���Z/Æ¿M
½ZË�m�{ZnËY��ËY�/§Y�¾/ËY�d¸��Y��µZÌ���{�Ê¿Á�°Ì»�ÉZÅ�|Àf/�¿Y{����

�É�Y�«�]�½Y|Ì»ÉÁ���Ê/»��ÁZf�³�®Ë�{ZnËY�ZÆ¿M��{�,ª¸ »�cY�}��|/À¯
��{�Ê§Z�Y�|Ë|��cZ¯�u�Ä]��ÁZf�³�¾ËY�Ä¯�cY�}Ê»��|/»Zn¿Y���½Â/q�Á



�ÉZÅ�f»Y�Za�½Y�Ë��º¸Ì§Ã|�{ZË���Ê/»��ÅZ/¯�|/À]ZË������Y�¶/�Zu�lËZ/f¿
�Ä¯�d�Y�½M��Y�Ê¯Zu�½Y�Ë��º¸Ì§�dÆm�Z]�Â�¼Å�Á�d]Zi�½Y|Ì»�µZ¼�Y
�d/�Y��f�Ì]�Ê�Ì�ZÀ¤»�½Y|Ì»��Â�u��{�­ZÌ¿Â»M��Z³�[~m��

d�¸£��{�[~m�½Y�Ì»��,É{Á�Á��{��f/�Ì]�­ZÌ¿Â»M�ÉZÅ���/Ì¿���ÅZ/¯
�»Y���µÂ/¸v»�­ZÌ¿Â»M�d�¸£�Êf«Á�Ä¯�d�Y�½M�¶Ì·{�Ä]

Ê»��ËY�§Y�É{Á�Á��{����f/�Ì]�­Z/Ì¿Â»M�ÊW�m��Z�§�,|]ZË�Ê/»��{Â/���Á
��Z¼e�t����{�­ZÌ¿Â»M��Z�§�¥ÔfyY�Z³������Ê/W�m��Z/�§�Á�µÂ/¸v»

�µÂ¸v»��{�Ã|��¶u�­ZÌ¿Â»MÊ»��ÅZ¯�|]ZË�Á�Ì¿�Á�É��µZ/¬f¿Y�Ä¯�v»
Ê»��ÅZ¯�[~m�cZÌ¸¼�|]ZË���d�Y��¯}�Ä]�¹�Ó�¾ÌÀr¼Å
�ZË��Â�u��{�Ê�ÅZ¯�|¿Á��¾ËY�Ä¯�[Z/Ì£����Ê/�Ì�ZÀ¤»�½Y|/Ì»���Y�/«�]

��f¼¯�[~m��ÅZ¯�¾ËY�Ê�Ì�ZÀ¤»�½Y|Ì»��Â�u��{�Ê·Ád�Y��
��Y�¶�ZÉ�Y�«�]����c|/��Z/]�Ê/�Ì�ZÀ¤»�½Y|Ì»���¦/¸fz»�ÉZ/Å

Ê»�½Z�¿�½Y�Ë��º¸Ì§�dÆm�Z]�Â�¼Å��½Y|/Ì»�c|���ËY�§Y�Z]�Ä¯�|Å{
Ê»��ËY�§Y�­ZÌ¿Â»M��Z³�[~m�½Y�Ì»�,Ê�Ì�ZÀ¤»|]ZË����

�ÂWY�·Z]�Á���Z�]��[��������®/Ë�Ä/]�Y��Ê/�Ì�ZÀ¤»�cY�}Â¿Z/¿�½{Á�/§Y��/iY
�����Y�Z/]�Y��cY�}��Z/f§��Á�Ê/���]��ËZ/»����½Y|/Ì»�®/Ë�µZ/¼
|¿{�¯�É�Z¯�d�{�[ÁZÀf»�Êm�Zy�Ê�Ì�ZÀ¤»��½Z¿M����|Àf/�Y{��Z/�f¿Y

������½Y|/Ì»�½{�/¯�µZ/^¿{�Ä/]�Ä/¯�Ê¸ËZ¼e���Zy�Ä]�Ê�Ì�ZÀ¤»�cY�}�Ä¯
���Á{�­�f/�»�¶/�§�ÄÌuZ¿�Ê°Ë{�¿��{��ÔfyY�®Ë�{ZnËY�\^��,|¿�Y{

��|/Å{�w��[~/m�½Y�Ì»��{�Ê�ËY�§Y�ÄnÌf¿��{�Á�|¿Â���Z§���½Z/¿M���¾/ËY
Ä�|ÀÅ��{�Y��Ê���]���½Âf/���Ì¿�Á�Ê]Z^u�½Âf���Z/]��Y|/mÇ���[Â/��»

�{Á|u��{�Ê�ËY�§Y�Á�|¿{Y{�¹Zn¿Y����Ze����|/��{����[~/m�½Y�/Ì»��{
|¿{�¯�Ã|ÅZ�»���¾ËY½Y�´�ÅÁ�a������½Y�/Ì»��ËY�/§Y�Ä/¯�|/¿{�¯���Y�³

��Y��f�Ì]�½Y|Ì»��Â�u��{�[~m[ZÌ£�d·Zu�d�Y�½Y|Ì»����
��Z��Á�ÊeZ»Â¯]��[�d�¸£��iY��Ì¿�Ã�}Â¿Z¿�¦¸fz»�ÉZÅ�Ê/�Ì�ZÀ¤»�

��Z³�[~m�½Y�Ì»��]�Y�CO2�É{�¶Ìf»���Âe����{�¾Ì/»M�µÂ¿Z/eY
�Ê���]�[Â��»�Ã�Y|m|¿{�¯��½Z¿M����Z/]�Ä/¯�|¿{�¯�Ã|ÅZ�»

��ËY�§Y�[~m�½Y�Ì»�,�ËZ»��Z§��{�cY�}Â¿Z¿�d�¸£��ËY�§Y�Ê/»��|/]ZË��Á
��{Á|/u��{��ËY�§Y�¾Ë�f�Ì]�
�������Ê/¼nu�d/�¸£��{��
����{Â/]��

Ây�ºf�Ì���{�Z]�[~m�½Y�Ì»��]�Ê¿Y|Àq��ÌiZe�{É�Y�«�]���½Y|/Ì»
�c|��Z]�Êm�Zy�[ÁZÀf»�Ê�Ì�ZÀ¤»�����Ze�������ÁZ/³���|»Z/�]�Á

d�¸£��{��e�Å��¾Ì/]�Ê¼nu�ÉZÅ��
���Z/e���
���|/��{�
|¿{�°¿�Ã|ÅZ�»���

�cZ ·Z�»�¾Ë�yM��{Ã|��¹Zn¿Y��µZ���{�����¿Y�Z°¼Å�Á�ÁÁ�,]��[�

�Ã�Z¼��/�ºÅ{�ZÆq�µZ��/�½Y�ËY�Ê¼Ì��Ê�|ÀÆ»�ÄË��¿¹Á{�Á�{Zf�Å�������� �

Ã|���za�µÂ¸v»�Ä¼Å��{�dyYÂÀ°Ë�Á�¾´¼Å��Â��Ä]�cY�}�¾ËY��,|/¿Y
Â�¿���Z/Ì¬»��{�½�¼Å�®Ë�½YÂÀ��Ä]�cY�}�Ä¯�|

|ÀÀ¯�¶¼��µÂ¸v»���Ze����{�Á�°Ì»���

��
��

��
��

��Ê¸¯�s���½�z»��½Y|Ì»�Ä]��Æn»�Ã{�¼Å
dÆmÊ�Ì�ZÀ¤»�cY�}�É�Ì³������[ZÌ£��{� �

Ê�Ì�ZÀ¤»�½Y|Ì»-�����½Y|Ì»��Â�u��{�Ê�Ì�ZÀ¤»]��[� 

[,���������Z/³�[~/m��/]�Y��Ê/�Ì�ZÀ¤»�½Y|/Ì»��ÌiZ/e
k�]�½Á�{�[M��{�­ZÌ¿Â»M�Z]��Y|mÇ��Ê���]�Á�Ä ·Z�»�[Â��»|¿{�¯��

�������Â/�u�½Á|/]�Ê/�Ì�ZÀ¤»�½Y|/Ì»��/iY��ÅÁ�a�¾ËY��{�Ä¯
���/Ì¤f»�Á�d]Zi�Ê�Ì�ZÀ¤»�½Y|Ì»�Á�Ã|��Ä ·Z�»�ºf�Ì���{�cY�}Â¿Z¿
������d/Æm�Z/]�Â/�¼Å�Á�¦·Z/z»�d/Æm�Á{��{�Á�¦/¸fz»� �

�����½Y�/Ì»��/]�ÊeZ/Ì¸¼��ÉZÅ�f»Y�Za�ÄÀÌÆ]��Y|¬»�Á
���d/�Y�Ã|/»M�d/�{�Ä]�[~m��������µÂ/¸v»�d/�¸£�Ä/¯�{Y{�½Z/�¿�lËZ/f¿

���Á�Ã|/ÀÀ¯�®/Ày�[M�ÊmÁ�y�ÉZ»{�,k�]�¾ÌËZa��Y�ÊmÁ�y�Ê¯ZÌ¿Â»M
�µZ¬f¿Y�Á�¹�m�µZ¬f¿Y�½Y�Ì»Z»�³������º/Å�Ê/�Ì�ZÀ¤»�½Y|/Ì»��Â/�u��{

����,d/�Y�Ã|/�¿�µZ/¼�Y�½Y|Ì»�Ä¯�Êf·Zu�Ä]�d^�¿�½Y�Ë��º¸Ì§�Z]�dÆm
�d//Æm�¥Ô//y�Ê//�Ì�ZÀ¤»�½Y|//Ì»��Â//�u��{�Á�|//]ZË� �

�ÉZÅ�f»Y�Za�½Y�Ë��º¸Ì§
�Ä¯�d�Y�½M��Y�Ê¯Zu�½Y�Ë��º¸Ì§�dÆm�Z]�Â�¼Å�Á�d]Zi�½Y|Ì»�µZ¼�Y

½Y�Ì»��d/�Y��f�Ì]�Ê�Ì�ZÀ¤»�½Y|Ì»��Â�u��{�­ZÌ¿Â»M��Z³�[~m
d�¸£��{�[~m�½Y�Ì»

Ê»¾ËY�Á�|]ZË��»Y
Ê»��ËY�§Y�É{Á�Á��{

��Z¼e�t����{�­ZÌ¿Â»M��Z�§�¥ÔfyY
�µÂ¸v»��{�Ã|��¶u�­ZÌ¿Â»M

�,¹�mÉY�]�Ê»��ÅZ¯�[~m�cZÌ¸¼�
�ZË��Â�u��{�Ê�ÅZ¯�|¿Á��¾ËY�Ä¯

d�Y���f¼¯�[~m��ÅZ¯�¾ËY�Ê�Ì�ZÀ¤»�½Y|Ì»��Â�u��{�Ê·Á
u�lËZf¿��Y�¶�Z

Ê»�½Z�¿�½Y�Ë��º¸Ì§�dÆm�Z]�Â�¼Å
Ê»��ËY�§Y�­ZÌ¿Â»M��Z³�[~m�½Y�Ì»�,Ê�Ì�ZÀ¤»

�ÂWY�·Z]�Á���Z�
È¿Z»Z���Z³�������Y�Z/]�Y��cY�}��Z/f§��Á�Ê/���]��ËZ/»

|¿{�¯�É�Z¯�d�{�[ÁZÀf»�Êm�Zy�Ê�Ì�ZÀ¤»
������½Y|/Ì»�½{�/¯�µZ/^¿{�Ä/]�Ä/¯�Ê¸ËZ¼e���Zy�Ä]�Ê�Ì�ZÀ¤»�cY�}�Ä¯
���Á{�­�f/�»�¶/�§�ÄÌuZ¿�Ê°Ë{�¿��{��ÔfyY�®Ë�{ZnËY�\^��,|¿�Y{

��|/Å{�w��[~/m�½Y�Ì»��{�Ê�ËY�§Y�ÄnÌf¿��{�Á�|¿Â���Z§
Ä�|ÀÅ��{�Y��Ê���]

�{Á|u��{�Ê�ËY�§Y�Á�|¿{Y{�¹Zn¿Y
|¿{�¯�Ã|ÅZ�»

��Y��f�Ì]�½Y|Ì»��Â�u��{�[~m
��Z��Á�ÊeZ»Â¯

Fe3O4���Z³�[~m�½Y�Ì»��]�Y�
k�]�®Ë�Z]��Ê���]�[Â��»�Ã�Y|m

��ËY�§Y�[~m�½Y�Ì»�,�ËZ»��Z§��{�cY�}Â¿Z¿�d�¸£��ËY�§Y
��{Á|/u��{��ËY�§Y�¾Ë�f�Ì]

½Z¿M�Ây�ºf�Ì���{
�c|��Z]�Êm�Zy�[ÁZÀf»�Ê�Ì�ZÀ¤»

����Ze����d�¸£��{��e�Å
|¿{�°¿�Ã|ÅZ�»

�cZ ·Z�»�¾Ë�yM��{

ÃZ´�À¯YÁ 

½�¼Å 

ºÌ��pÌa�Ê�Ì�ZÀ¤» 

�¦·Y� 

�Ê^�«Á{��ÁZf�³�¾Ì]
Ê�Ì�ZÀ¤»�½Y|Ì»�Á�Ã�} 

� � 

Ê�
Ì�Z

À¤»
��Z�

�c
|�

��

�[� 
��� 

Ä¤Ìe�ZÅ�Y{ 

 

���� �Ã�Z¼��/�ºÅ{�ZÆq�µZ��/�½Y�ËY�Ê¼Ì��Ê�|ÀÆ»�ÄË��¿

cÓ
Z¬»

��

Ã|���za�µÂ¸v»�Ä¼Å��{�dyYÂÀ°Ë�Á�¾´¼Å��Â��Ä]�cY�}�¾ËY
Ê»�h�Z]�cZ¯�u�¾ËY

|ÀÀ¯�¶¼��µÂ¸v»���Ze����{�Á�°Ì»
��

¶°�������¦·Y��
Ê�Ì�ZÀ¤»-��[��dÆm

Ê�Ì�ZÀ¤»�½Y|Ì»
��

��¿Y�Z°¼Å�Á�ÂÌ¿]��[

k�]�½Á�{�[M��{�­ZÌ¿Â»M
d¨³�|ËZ]��������Â/�u�½Á|/]�Ê/�Ì�ZÀ¤»�½Y|/Ì»��/iY��ÅÁ�a�¾ËY��{�Ä¯

���/Ì¤f»�Á�d]Zi�Ê�Ì�ZÀ¤»�½Y|Ì»�Á�Ã|��Ä ·Z�»�ºf�Ì���{�cY�}Â¿Z¿
�c|/��Z]��ÉZ/Å������d/Æm�Z/]�Â/�¼Å�Á�¦·Z/z»�d/Æm�Á{��{�Á�¦/¸fz»

�½Y�Ë��º¸Ì§|���Y�«�]�
���d/�Y�Ã|/»M�d/�{�Ä]�[~m

���Á�Ã|/ÀÀ¯�®/Ày�[M�ÊmÁ�y�ÉZ»{�,k�]�¾ÌËZa��Y�ÊmÁ�y�Ê¯ZÌ¿Â»M
�µZ¬f¿Y�Á�¹�m�µZ¬f¿Y�½Y�Ì»

����,d/�Y�Ã|/�¿�µZ/¼�Y�½Y|Ì»�Ä¯�Êf·Zu�Ä]�d^�¿�½Y�Ë��º¸Ì§�Z]�dÆm
Ê//»��ËY�//§Y�d//Æm�¥Ô//y�Ê//�Ì�ZÀ¤»�½Y|//Ì»��Â//�u��{�Á�|//]ZË

 
Ê^�«Á{��ÁZf�³ 

 
(t)�ÄËÁY��Ê^�«Á{��ÁZf�³�¾Ì]

Ê�Ì�ZÀ¤»�½Y|Ì»�Á�Ã�}

 
Á�Ì¿

 
Ã�}� �  

Ê�y�q�d¯�u
��

��� 



Iranian Chemical Engineering Journal �� �����

cÓ
ZÌ�

Â¿Z
¿��{

�¹�
m�µ

Z¬f
¿Y�\

ËY�
��Á

�}Â
¨¿�\

Ë��
�]�
É�

Á�
»

�����

��

d�¸£�\�u�]��iÂ»�[~m�d^�¿�¦¸fz»�ÉZÅ
�Á�Ê�Ì�ZÀ¤»�½Y|Ì»�dve�,µÂ¸v»��{�µZÌ�Á�§Â¿Z¿� �

ÄÌ·ÁY�Ê»�m�d�¸£�����­ZÌ¿Â»M]��[�� �

������Á�[~/m�½Y�/Ì»��ËY�/§Y�Ä/ÀÌ»���{�É{Á|/v»�cZ ·Z�»�Ä¯�|Å{
�Z³�ºf�Ì���{�¹�m�µZ¬f¿Y���Z]��ËZ»Ã�Æ]�É�Ì³���Á�µZÌ/�Â¿Z¿��Y

d�Y�Ã|��¹Zn¿Y�Êm�Zy�½Y|Ì»�µZ¼�Y��¾ÌÀr¼Å,����ÃZ/³�{Â/mÂ»�lËZf¿
]�cZ¬Ì¬ve�¹Zn¿Y�¹Á�·�Ä¯�|ÀÅ{��¾/ËY��{��f�Ì

�Â¼n»��{,��cZ¬Ì¬ve�Ä ·Z�»�¹Z/n¿Y���Ä/f§�³
�Ã{Z¨f�Y�Z]�¹�m�µZ¬f¿Y�\Ë����ËY�§Y�Ã|ÀÅ{

�����,|/��Ä/f¨³�Ä/¯��Â/���Z¯Á�Z/����{�/°¸¼�
����ºÆ^/»�É{Á|/u�Z/e�½ZÀr¼Å�¹�m�µZ¬f¿Y�\Ë����ËY�§Y��{�cY�}Â¿Z¿

��iY�,cY�}Â¿Z¿�Ê¿ÁY�]�Y�y����|/¿Z»�½Z/»���ËY�§Y�Á
�Ê¸»YÂ//��Ä//¸¼m��Y�cÓZÌ//�Â¿Z¿��{��Z//³��Z//§�Y|//¿��Y��{Â//^Æ]�¾//ËY�Ä//¯� �

�Ä¯�d�Y�½M��Y�Ê¯Zu�Ã|��¹Zn¿Y�cZ ·Z�»
������ËY�/§Y�h/�Z]�Ê¿Z/»��Z/ÆÀe�Êm�Zy�Ê�Ì�ZÀ¤»�½Y|Ì»��Y
����d/¯�u�Z/]�d/Æm�ºÅ�Ã|��µZ¼�Y�½Y|Ì»�Ä¯�|��|ÅYÂy�¹�m�µZ¬f¿Y
�cY�}Â¿Z¿��Â�u��{�Ê�Ì�ZÀ¤»�½Y|Ì»�µZ¼�Y

���Ê/»��ÁZf/�³�®/Ë�{ZnËY�������|Ë|/�e�Ä/]��ÁZf/�³�¾/ËY�Ä/¯�|/À¯
�nÀ»�Ê»Âq�Á�{Â������Â/��Ä/]�cY�}�¾/ËY�½

Ã|���za�µÂ¸v»���Ze����{�dyYÂÀ°Ë�Á�¾´¼Å����cZ/¯�u�¾/ËY�,|/¿Y
������µÂ/¸v»��/�Ze����{�½�/¼Å�®/Ë�½YÂ/À��Ä]�cY�}�Ä¯�|

Ê»�É��»�ÄËÓ�¶yY{��ÔfyY�h�Z]�Á���{Â/y�¾/ËY�Ä¯�|¿Â�
|��|ÅYÂy�¹�m�µZ¬f¿Y�{Â^Æ]�Á�d»ÁZ¬»��ÅZ¯�h�Z]���

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

���� ����� ���� �� 

�Ê�Ì�ZÀ¤»�½Y|Ì»�c|�(mT) 

�iR
»�[

~m
�d

^�
¿

��

� �Iranian Chemical Engineering Journal Ō Vol. 14 - No. 82 (2016)

|//ÀËY�§���{�­Z//Ì¿Â»M��Z//³�[~//m� �
���|/¿{�¯�Ê/���]�Y��Ê]Z/^u�[~m�Ä�|ÀÅ�Z]��
���������½Z/»�¼Å�É�Ì³�Z/¯�Ä/]�Ä/¯�{Â/]�¾/ËY��Y�Ê¯Z/u��ÅÁ�/a�¾ËY�lËZf¿
�[M��{�­ZÌ¿Â»M�[~m�,Ê�Ì�ZÀ¤»�½Y|Ì»
��[~/m�½Y�Ì»��ËY�§Y�,Ä]Z�»��ËY����{
Ê�Ì�ZÀ¤»�½Y|Ì»�Á�µZÌ�Á�§��,

�ÉY�Y�Ä]��Z³�[~m�½Y�Ì»��ËY�§Y��Y��f�Ì]Ã�Æ]��Y�É�Ì³����Ä/]�¹Y|/¯��Å
�����½Y|/Ì»�c|/��Á�µZÌ/�Á�§�d/�¸£��iY

�®Ë��{�Á�d�Y�Ã|��Ê���]�Ê�Ì�ZÀ¤»Ç�f�³�����½Y|/Ì»�c|/��d/]Zi
½M��{�Ä¯�Y��Ê·ZÌ�Á�§�d�¸£�,Ê�Ì�ZÀ¤»������ËY�/§Y��Y|/¬»�¾Ë�f/�Ì]
��Ê���]�����Z/]�Ä/¯�{Y{�½Z/�¿�Z/Å

���,µZÌ//�Á�§�d//]Zi�d//�¸£��{�Ê//�Ì�ZÀ¤»�½Y|//Ì»�c|//���ËY�//§Y� �
�½Z/¿M����|/¿{�¯�Ã|ÅZ/�»��Ä/¯��d/ve
������Ê/»�m�d/�¸£�Á�­Z/Ì¿Â»M

�Ê//�Ì�ZÀ¤»�½Y|//Ì»�����¾Ë�f//�Ì]�,Ô//�e
¶°������,���Ä/nÌf¿��Y��Ã|/�{ZË
���,�Ê»�d/§�³�ÄnÌf¿�½YÂe��Ä/¯�

�����Ã{Y{�w��Ê¿Z/»��ÊËZ/Æ¿�Ê/»�m�d/�¸£�ZË
���Á�Ã|/�¿�Ã{Z¨f/�Y�µZÌ�Á�§Â¿Z¿�Á�Ê�Ì�ZÀ¤»�½Y|Ì»��Y�Ä¯�d�Y��Z/ÆÀe

��d/�Y�Ã{Z/f§Y�©Z¨eY�[M��{�­ZÌ¿Â»M�[~m���¾Ì/Àr¼Å,����Ê»Z/¼e�ÉY�/]
����[~/m�d^/�¿�,½Y|/Ì»�c|���ËY�§Y�Z]

Ê»�Äf¨³�½ÂÌ�¿Zb�Â��Ê�Â¿�Ä]�µZÌ�Á�§�Ä¯����{�Ä/¯�{Â/�
d///ÌfÀ´»�|///À¿Z»�Ê///�Ì�ZÀ¤»�cY�}Â¿Z///¿�½M��Fe3O4�d///Ì¼Æ´»�,� �

��[M�|/À¿Z»�µZÌ��®Ë�¶yY{��{
|�Z]�Ã|��Ã|À¯Y�a��Y|ËZa�d·Zu�Ä]�ÊÀ]�¯Á�|ÌÅ�¾£Á��ZË���ºÆ»�Ê³�ËÁ

�ÌiPe�dve���Ê/�Ì�ZÀ¤»�½Y|Ì»
Ê//�ZÀ���Ä//¸¼m��Y�Z//Æ¿MÉÁ�//¿Y�³� �

�cY�}Â¿Z¿�½{Á�§Y��iY�ÄÀÌ»���{�Ã|��¹Zn¿Y�cZ¬Ì¬ve��/]����}Â/¨¿�\Ë�/�
½ZË�m�,cY�}Â¿Z¿�Ê¿ÁY�]�Y��Ê¿Á�°Ì»�ÉZÅ

�����µZÌ/�Â¿Z¿�}Â/¨¿�\Ë�/���ËY�/§Y�h�Z]�Á
¾ËY��]�ÃÁÔ�,�����½Z/�¿��]Z/À»�ÉÂnf/�m

��

�¶°�����d�¸£�\�u�]��iÂ»�[~m�d^�¿
�Á�Ê�Ì�ZÀ¤»�½Y|Ì»�dve�,µÂ¸v»��{�µZÌ�Á�§Â¿Z¿

ÄÌ·ÁY�Ê»�m�d�¸£
��
Ê»������Á�[~/m�½Y�/Ì»��ËY�/§Y�Ä/ÀÌ»���{�É{Á|/v»�cZ ·Z�»�Ä¯�|Å{

�\Ë���Z³�ºf�Ì���{�¹�m�µZ¬f¿Y
d�Y�Ã|��¹Zn¿Y�Êm�Zy�½Y|Ì»�µZ¼�Y

cÁZ¨eÊ»�½Z�¿�Y��ÊËZÅ]�cZ¬Ì¬ve�¹Zn¿Y�¹Á�·�Ä¯�|ÀÅ{
|À¯�Ê»�[ZnËY�Y��ÄÀÌ»����Â¼n»��{

�ÄÀÌ»��¾ËY��{0Z^·Z£�½Z�¿�Ã{Z¨f�Y�Z]�¹�m�µZ¬f¿Y�\Ë����ËY�§Y�Ã|ÀÅ{
�cÓZÌ�Â¿Z¿��Y�d/�Y���½Z/¼Å�����,|/��Ä/f¨³�Ä/¯��Â/�

����ºÆ^/»�É{Á|/u�Z/e�½ZÀr¼Å�¹�m�µZ¬f¿Y�\Ë����ËY�§Y��{�cY�}Â¿Z¿
�Z»Y�d�Y¯�uÉZÆf���iY�,cY�}Â¿Z¿�Ê¿ÁY�]

�Ê¸»YÂ//��Ä//¸¼m��Y�cÓZÌ//�Â¿Z¿��{��Z//³��Z//§
Ê»�ÄÌmÂe�¯À|À��¾ÌÀr¼Å,��Ä¯�d�Y�½M��Y�Ê¯Zu�Ã|��¹Zn¿Y�cZ ·Z�»

Ã�Æ]�É�Ì³�������ËY�/§Y�h/�Z]�Ê¿Z/»��Z/ÆÀe�Êm�Zy�Ê�Ì�ZÀ¤»�½Y|Ì»��Y
����d/¯�u�Z/]�d/Æm�ºÅ�Ã|��µZ¼�Y�½Y|Ì»�Ä¯�|��|ÅYÂy�¹�m�µZ¬f¿Y

|�Z]�µZÌ�Â¿Z¿���«YÁ��{,��cY�}Â¿Z¿��Â�u��{�Ê�Ì�ZÀ¤»�½Y|Ì»�µZ¼�Y
�ZÆ¿M��{���Ê/»��ÁZf/�³�®/Ë�{ZnËY

¯�uÉZÆf�cY�}��{�Ê§Z�Y��nÀ»
Ã|���za�µÂ¸v»���Ze����{�dyYÂÀ°Ë�Á�¾´¼Å

Ê»�h�Z]Â�¿������µÂ/¸v»��/�Ze����{�½�/¼Å�®/Ë�½YÂ/À��Ä]�cY�}�Ä¯�|
�¶¼�|ÀÀ¯�Ê»�É��»�ÄËÓ�¶yY{��ÔfyY�h�Z]�Á

|��|ÅYÂy�¹�m�µZ¬f¿Y�{Â^Æ]�Á�d»ÁZ¬»��ÅZ¯�h�Z]
��

 ���� ����� ����� ����
�Ê�Ì�ZÀ¤»�½Y|Ì»�c|�

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

��

� �

����//]�Ê//�Ì�ZÀ¤»�½Y|//Ì»��ÌiZ//e|//ÀËY�§
[M�
�µZÌ�Á�§Â¿Z¿Fe3O4����|/¿{�¯�Ê/���]�Y��Ê]Z/^u�[~m�Ä�|ÀÅ�Z]

���������½Z/»�¼Å�É�Ì³�Z/¯�Ä/]�Ä/¯�{Â/]�¾/ËY��Y�Ê¯Z/u��ÅÁ�/a�¾ËY�lËZf¿
�Z]�ÃY�¼Å�µZÌ�Á�§É�Y�«�]��[M��{�­ZÌ¿Â»M�[~m�,Ê�Ì�ZÀ¤»�½Y|Ì»

Ê»��ËY�§Y�Y�|Å{��¾ÌÀr¼Å,���[~/m�½Y�Ì»��ËY�§Y�,Ä]Z�»��ËY����{
Z¯�Ä]�Z]�¶»Z��Á{��Å�½Z»�¼Å�É�Ì³��Ê�Ì�ZÀ¤»�½Y|Ì»�Á�µZÌ�Á�§

�ÉY�Y�Ä]��Z³�[~m�½Y�Ì»��ËY�§Y��Y��f�Ì]
�ÊËZÆÀed�Y��ªÌ¬ve�¾ËY��{,������½Y|/Ì»�c|/��Á�µZÌ/�Á�§�d/�¸£��iY

�®Ë��{�Á�d�Y�Ã|��Ê���]�Ê�Ì�ZÀ¤»
½M��{�Ä¯�Y��Ê·ZÌ�Á�§�d�¸£�,Ê�Ì�ZÀ¤»

Ê»�©Z¨eY�[~m�d�{�Ä]�,|f§YÃ{�ÁM�|¿Y��
���,µZÌ//�Á�§�d//]Zi�d//�¸£��{�Ê//�Ì�ZÀ¤»�½Y|//Ì»�c|//���ËY�//§Y

[~m�½Y�Ì»��Ì¿�Ê»��ËY�§Y�|/]ZË���½Z/¿M
�Ê»�m�d�¸£��{�®ÌeZ]ZË{M��ËY������

����c|//��Á�µZÌ//�Á�§��Ê//�Ì�ZÀ¤»�½Y|//Ì»
��iÂ»�[~m�d^�¿����
��d�Y����{¶°�

Ê»�Ã|ÅZ�»�|ÌÀ¯��¶°��Ä]�ÄmÂe�Z]����
»�[~m�d^�¿�¾Ë�f¼¯R�i������Ã{Y{�w��Ê¿Z/»��ÊËZ/Æ¿�Ê/»�m�d/�¸£�ZË

���Á�Ã|/�¿�Ã{Z¨f/�Y�µZÌ�Á�§Â¿Z¿�Á�Ê�Ì�ZÀ¤»�½Y|Ì»��Y�Ä¯�d�Y
��d/�Y�Ã{Z/f§Y�©Z¨eY�[M��{�­ZÌ¿Â»M�[~m

d�¸£�µZÌ�Á�§�ÉZÅFe3O4�����[~/m�d^/�¿�,½Y|/Ì»�c|���ËY�§Y�Z]
d�Y�Äf§ZË��ËY�§Y��iÂ»���

d¨³�|ËZ]�Ê»�Äf¨³�½ÂÌ�¿Zb�Â��Ê�Â¿�Ä]�µZÌ�Á�§�Ä¯
d///ÌfÀ´»�|///À¿Z»�Ê///�Ì�ZÀ¤»�cY�}Â¿Z///¿�½M

�Fe3O4±Ȗ��Á�¶°Ì¿�,d·Z^¯�,ZÆ¿M�|À¿Z»���[M�|/À¿Z»�µZÌ��®Ë�¶yY{��{
|�Z]�Ã|��Ã|À¯Y�a��Y|ËZa�d·Zu�Ä]�ÊÀ]�¯Á�|ÌÅ�¾£Á��ZË

µZÌ��¾ËYZÅ��Y�¾ËY��Y�«��Êf«Á�Ä¯�d�Y�ÌiPe�dve
Ê//»��Y�//«��YÂ//y�,|//¿�Ì³½Z//Ë�m�Ê//�ZÀ�

��ÌÌ¤eÊ»�|À¯]��[���
��

���ÄnÌf¿�É�Ì³�Ê¸¯��
�cY�}Â¿Z¿�½{Á�§Y��iY�ÄÀÌ»���{�Ã|��¹Zn¿Y�cZ¬Ì¬ve

¯�u�Ä¯�d�Y�½M��´¿ZÌ]ÉZÆf�½ZË�m�,cY�}Â¿Z¿�Ê¿ÁY�]
��ËY�§Y�µÂ¸v»��{Ê»�|Å{������µZÌ/�Â¿Z¿�}Â/¨¿�\Ë�/���ËY�/§Y�h�Z]�Á

Ê»�ÄËZa�µZÌ��Ä]�d^�¿{Â���¾ËY��]�ÃÁÔ�



 

���� �Ã�Z¼��/�ºÅ{�ZÆq�µZ��/�½Y�ËY�Ê¼Ì��Ê�|ÀÆ»�ÄË��¿¹Á{�Á�{Zf�Å�������� �

cÓ
Z¬»

��

�mY�»��
[1] Treybal, R. E., Mass Transfer Operations, McGraw- 

Hill, 3rd ed, singapore, pp275-341, (2001). 

[2] Chen, J. H., Chang, H., Chan, S. R., �Simulation study 
of a hybrid absorber-heat exchanger using hollow fiber 
membrane module for theammonia-water absorption 

cycle�, International Journal of Refrigeration, Vol. 29, 
pp 1043-1052, (2006). 

[3] Kim, K. J., Berman, N. S., Wood, B. D., �theinterfacial 
turbulence in falling film absorption: effect of 
additives�, International Journal of Refrigeration, 
Vol.19, pp 322-330, (1996). 

[4] Yu, W., France, D. M., Choi, S. U. S., Routbort, J. L., 
�Review and National Laboratory�, Technical Report, 
ANL/SED/07-9, (2007). 

[5] Krishnamurthy, S., Bhattacharya, P., Phelan, P. E., 
�Enhanced mass transport in nanofluids�, NanoLetters, 
Vol. 6, pp 419-423, (2006). 

[6] Feng, X., Xuan, Y., Li, Q., �Experimental investigation 

on enhanced mass transfer in nanofluids�, Applied 
Physics Letters, Vol. 95, pp 203108-1-2-3, (2009). 

[7] Turanov, A. N., Tolmachev, Y. V., �Heat- and mass-

transport in aqueous silica nanofluids�, Heat and Mass 
Transfer, Vol. 45, pp 1583-1588, (2009). 

[8] Ashrafmansouri, S. S., Nasr Esfahany, M., Azimi, Gh., 

Etesami, N., �Experimental investigation of water self-
diffusion coefficient and tracer diffusion coefficient of 

tert-butanol in water-based silica nanofluids�, 
International Journal of Thermal Sciences, Vol. 86, pp 
166-174, (2014). 

[9] Einstein, A., Investigations on the Theory of Brownian 
movement, Dover Publications, first ed, New York, pp 
371-381, (1956). 

[10] Miller, Ch., �The Stokes-Eisntein for diffusion in 

solution�, the Royal society of London,Vol. 106, No. 
740, pp 724-749, (1924).  

[11] Prasher, R. S., Bhattacharya, P., Phelan, P. E., 

�Thermal conductivity of nanoscale colloidal solutions 

(Nanofluids)�, Physical Review Letters, Vol. 94, 
(2005). 

[12] Dagaonkar, M. V., Heeres, H. J., Beenackers, A. A. C. 

M., Pangarkar, V. G., �The application of fine TiO2 

particles for enhanced gas absorption�, Chemical 
Engineering Journal, Vol. 92, pp 151-159, (2003). 

[13] Esmaeili Faraj, S. H., Nasr Esfahany, M., Jafari-Asl, 

M., Etesami, N., �Hydrogen sulfide bubble absorption 

enhancement in water-based nanofluids�, Industrial & 
Engineering Chemistry Research, Vol. 43, pp 16851�±
16858, (2014). 

[14] Beiki, H., Nasr Esfahany, M., Etesami, N., �Laminar 
forced convective mass transfer of -Al2O3/electrolyte 
nanofluid in a circular tube�, International Journal of 
Thermal Sciences, Vol. 64, pp 251-256, (2013). 

[15] Kim, J. K., Jung, J. Y., Kang, Y. T., �The effect of 
nano-particles on the bubble absorption performance in 

a binary nanofluid�, International Journal of 
Refrigeration, Vol. 29, pp 22±29, (2006). 

[16] Kim, J. K., Jung, J. Y., Kang, Y. T., �Absorption 
performance enhancement by nano-particles and 
chemical surfactants in binarynanofluids�, International 
Journal of Refrigeration, Vol. 30, pp 50±57, (2007). 

[17] Kang, Y. T., Kim, H. J., Lee, K.,�Heat and mass 
transfer enhancement of binary nanofluids for 
H2O/LiBr falling film absorption process�, 
International Journal of Refrigeration, Vol. 31, pp 850�±
856, (2008). 

[18] Wu, W. D., Pang, C. W., Sheng, W., �Enhancement on 
NH3/H2O Bubble Absorption in Binary Nanofluids by 
Mono Nano Ag�, Journal of Chemical Industry and 
Engineering, Vol. 65, No. 1, pp 1112-1117, (2010). 

���� ¹�,Ê¿Zm�ÁÔ§�Ê¼�Z«�¹�,Ê¿ZÆ¨�Y��¿�,�½�,Ê»Z�f�Y�,�,���ËY�§Y
½�¼Å� �Âf¯Y�� �{� Ê¼nu� ¹�m� µZ¬f¿Y� \Ë���|ÀËM�§� �{� �Y{

�|Ì�¯Y�cY�}Â¿Z¿�½{Á�§Y�Z]�[M��{�|Ì�¯Y�É{�¾]�¯��Z³�[~m
¹ÂÌÀÌ»Â·M��,Ê¼Ì�� Ê�|ÀÆ»� Ê¸»� Ã�´À¯� ¾Ì¼Å{�ZÆq� ,

�,½Y�Æe�,¦Ë���ÃZ´�¿Y{���������
[20] Yang, L., Du, K., Cheng, B., Jiang, Y., �The influence 

of Al2O3nanofluid on the falling film absorption with 
ammonia-water�, the Natural Science Foundation of 
China (No. 50876020), (2010). 

[21] Yang, L., Du, K., Niu, X. F., Cheng, B., Jiang, Y. 
F.,�Experimental study on enhancement ofammonia-

water falling film absorption by adding nano-particles�, 
International Journal of Refrigeration, Vol. 34, pp 640�±
647, (2011). 

���� ½�,Ê¿Z^ ��¹�,Ê¿ZÆ¨�Y��¿�,�Y�,�Ì§�,�½�,Ê»Z�f�Y�,��,��Ê���]
�É{�¶Ìf»�µÂ¸v»�Ä]�Z°Ì¸Ì��cY�}Â¿Z¿�½{Á�§Y��iY�ÊÅZ´�ËZ»�M

É{��Z³�[~m�|ÀËM�§��{�Ã|��µZ §�¾Ì»M�µÂ¿ZeY¾]�¯|Ì�¯Y��,
�,¦Ë��� ÃZ´�¿Y{� ,Ê¼Ì�� Ê�|ÀÆ»� Ê¸»� Ã�´À¯� ¾Ì¼Å{�ZÆq

,½Y�Æe����������
[23] Lee, J. K., Koo, J., Hong, H., Kang, Y. T., �The effects 

of nanoparticles on absorption heat and mass transfer 
performance in NH3/H2O binary nanofluids�, 
International Journal of Refrigeration, Vol. 33, pp 269-
275, (2010). 

[24] Lee, J. W., Jung, J. Y., Lee, S. G., Kang, Y. T�, �CO2 

bubble absorption enhancement in methanol-based 
nanofluids�, International Journal of Refrigeration, 
Vol. 34, pp 1727-1733, (2011). 

���� Ê¿YÂ¸Æa¹� ,{Y�¿�½� ,Ê»Z�f�Y� ,�¿ZÆ¨�Y��¿� ,¹� ,Ê�� ,��Ê���]
� �Z³� [~m� |ÀËM�§� ¹�m� µZ¬f¿Y� \Ë��CO2��µZÌ�Â¿Z¿� ��Âe

[M�
Fe3O4�Ã|ÀÀ¯�Y|ËZa��Â�u�¹|��Á��Â�u��{��¾Ì¼Å{�¿Za�,
�,½Y�Æe�,½Y�Æe�ÃZ´�¿Y{�,Ê¼Ì��Ê�|ÀÆ»�Ê¸»�Ã�´À¯�������

[26] Pang, Ch., Wu, W., Wu, R., Chen, Sh., �The effect of 
Al2O3 nanoparticles on the NH3/H2O bubble absorption 
performance in binary nanofluids�, IEEE (International 
Conference on Computer Distributed Control and 
Intelligent Environmental Monitoring), pp 1398-
1401,(2011). 



��

� �Iranian Chemical Engineering Journal Ō Vol. 14 - No. 82 (2016)�� �����

cÓ
ZÌ�

Â¿Z
¿��{

�¹�
m�µ

Z¬f
¿Y�\

ËY�
��Á

�}Â
¨¿�\

Ë��
�]�
É�

Á�
»

�����
[27] Pang, Ch., Wu, W., Sheng, W., Zhang, H., Kang, Y. T., 

�Mass transfer enhancement by binary nanofluids 
(NH3/H2O + Ag Nanoparticles) for bubble absorption 
process�, International Journal of Refrigeration, Vol. 
35, pp 2240-2247, (2012). 

[28] Pineda, I. T., Lee, J. W., Jung, I., Kang, Y. T.,�CO2 
absorption enhancement by methanol-based Al2O3 and 
SiO2 nanofluids in a tray column absorber�, 
International Journal of Refrigeration, Vol. 35, pp1402-
1409, (2012). 

[29] Jung, J. Y., Lee, J. W., Kang, Y. T., �CO2 absorption 
characteristics of nanoparticle suspensions in 
methanol�, Journal of Mechanical Science and 
Technology, Vol. 26, pp 2285-2290, (2012). 

[30] Feng, X., Johnson, D. W., �Mass transfer in SiO2 
nanofluids: acase against purported nanoparticle 
convection effects�, International Journal of Heat and 
Mass Transfer, Vol. 55, pp 3447�±3453, (2012). 

[31] Lee, J. W., Kang, Y. T., �CO2 absorption enhancement 

by Al2O3 nanoparticles in NaCl aqueous solution�, 
Energy, Vol. 53, pp 206-211, (2013). 

[32] Jiang, J., Zhao, B., Cao, M., Wang, Sh., Zhuo, Y., 
�Chemical absorption kinetics in MEAsolutionwith 

nano-particles�, Energy Procedia, Vol. 37, pp 518�±524, 
(2013). 

[33] Kim, H., Jeong, J., Kang, Y. T., �Heat and masstransfer 
enhancement for falling film absorption process by 
SiO2 binary nanofluids�, International Journal of 
Refrigeration, Vol. 35, pp 645-651, (2012). 

[34] Sumin, L., Min, X., Yan, S., Xiangjun, D., 
�Experimental and theoretical studies of CO2 
absorption enhancement by nano-Al2O3 and carbon 
nanotube particles�, Chinese Journal of Chemical 
Engineering, Vol. 21(9), pp 983-990, (2013). 

[35] Komati, S., Suresh, A. K.,�CO2 absorption into amine 
solutions: a novel strategy for intensification based on 
the addition of ferrofluids�, Journal of Chemical 
Technology and Biotechnology, Vol. 83, pp 1094-
1100, (2008). 

[36] Reichert, C., Hoell, W. H., Franzreb, M.,�Mass transfer 
enhancement in stirred suspensions of magnetic 
particles by the use of alternating magnetic fields�, 
Powder Technology, Vol. 145, pp 131± 138, (2004). 

[37] Prasher, R. S., Phelan, P. E., Bhattacharya, P., �Effect 
of aggregation kinetics on the thermal conductivity of 
nanoscale Colloidal Solutions (Nanofluid)�, 
Nanoletters, Vol. 6, No.7, pp 1529-1534, (2006a). 

[38] Prasher, R. S., Bhattacharya, P., Phelan, P. E., 
�Brownian-Motion-based convective-conductive model 

for the effective thermal conductivity of nanofluids�, 
Transactions of the ASME, Vol. 128, pp 588-595, 
(2006b). 

[39] Nagy, E., Hadik, P., �Three-Phase mass transfer: effect 

of the size distribution�, Industrial and Engineering 
Chemistry Research, Vol. 42, pp 5363-5372, (2003). 

[40] Ma, X., Su, F., Chen, J., Bai, T., Han, Z.,�Enhancement 
of bubble absorption process using aCNTs-Ammonia 
binary nanofluid�, International Communications in 
Heat and Mass Transfer, Vol. 36, pp 657-660, (2009). 

[41] Harker, J. H., Ahmadzadeh, J., �Effect of electric field 

on mass transfer from falling drops�, International 
Journal of Heat and Mass Transfer,Vol. 17, pp 1219�±
1225, (1974).  

[42] Hoseini, N., Nasr Esfahani, M., Fadaei, E., Etesami, N., 
�Experimental investigation of mass transfercoefficient 
of gas absorption in nanofluid in the presenceof electric 
field", 7th International Chemical Engineering Congress 
& Exihibition, Kish, Iran, 21-24 November, (2011). 

[43] Niu, X. F., Du, K., Xiao, F.,�Experimental study on 
Ammonia-Water falling film absorption in external 
magnetic fields�, International Journal of Refrigeration, 
Vol. 33, pp 686±694, (2010). 

[44] Suresh, A. K., Bhalerao, S., �Rate intensification of 

mass transfer process using ferrofluids�, Indian Journal 
of Pure and Applied Physics, Vol. 40, pp 172-184, 
(2001). 

[45] Wu, W. D., Liu, G., Chen, Sh. X., Zhang, H., 
�Nanoferrofluid addition enhances Ammonia/Water 

bubble absorption in an external magnetic field�, 
Energy and Buildings, Vol. 57, pp 268±277, (2013). 

���� Y� ,Ê¼�Z«��� ,Ê^Ì^u�Ì»� ,�¹�,Ê�Ë�{Y� ,�� ,���]� Z»{��ÌiPe�Ê���]
dÌfÀ´»�ÈËZa��]�Ê�Ì�ZÀ¤»�µZÌ�Á�¨fÌ·ZÌ���YÂy��¾Ì¼���,

�Ç�´À¯�,½Y�Æe�,½Y�ËY�®Ì»Y��������� 


