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Abstract  
In recent years, the development of submerged membrane systems has led to the significant 
development of ultrafiltration/water purification markets. The study aimed to investigate the 
efficiency of Poly-Aluminum Chloride coagulant in removing turbidity using a submerged 
membrane reactor for simultaneous coagulation and flocculation of filtration and determine the 
optimal values of its performance parameters. In this study, the Poly-Aluminum Chloride 
coagulant along with lime and polyelectrolyte for water coagulation and flocculation was firstly 
evaluated by the Jar test in different turbidities. Also, pH (5-10), Poly-Aluminum Chloride (1-
50 mg/L), and coagulant aids of lime (0.5-15 mg/L) and polyelectrolyte (0.1 to 2 mg/L) were 
examined. Then, a pilot-scale submerged membrane reactor was designed for coagulation, 
flocculation, and membrane filtration processes. Pilot experiments were used as closed systems, 
and then different parameters of flux, aluminum concentration in the treated water, and 
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membrane fouling were investigated. Jar test results showed that Poly-Aluminum Chloride had 
a great performance in removing turbidity. In addition, the use of lime and polyelectrolyte 
coagulant aids improved the turbidity removal process by 3%. Furthermore, pH=8 was selected 
as the optimal range, and the best flux performance was obtained at turbidity less than 100NTU 
in a submerged membrane pilot. The flux reduction in eight hours of operation time was only 
5% while this increased to 50% in turbidity above 200NTU. The turbidity removal percentages 
were reported to be constant and higher than 99.5%. The removal rate of total aluminum by the 
membrane process has been over 99%, and the type of membrane fouling is surface sediment 
and is reversible. Results indicated that the submerged membrane reactor along with 
coagulation and flocculation could be applied as an efficient method in water treatment with 
different turbidity.

Keywords: Coagulation and Flocculation, Water Treatment, Turbidity, Ultrafiltration, 
Membrane. 

 



dx.doi.org/10.22093/wwj.2021.259574.3084 95
مقاله پژوهشي

����� � �� 	
�� Journal of Water and Wastewater 
��� ������ ����� ����� Vol. 32, No. 4, 2021 

و فاضلاب، دوره 39-710، صفحه:4، شماره23مجله آب

) ����% Z(L&4� ������ �����3 �'�(+MSR �� 6� ��
-3 $OP �� (
��� ,-773-��7� 6� ,��0&'� �+ + -��(�3 9�!7!���� H)3 ,�()	

,-773-��7� ��� ��	 !�
(&E��H	� 
 ?

w��! ��,"� ��,(���)^�\&" +\&f-
0 �f8�"J)Y�1� �)%%e�'TD"8fV�� �)F�#!" *�&ft

=>���� C��2? C)����^6��&
#;E,��@#LU` S*��� 5�_���  ,79:�� � 78�1^6� ��&
#,;E 
�9)�  �
8 5�/��� ^,�6� � A�B �R������ ����� ,����� ,�#��� 

G> �2)�,��� U` S*��� 5�_�1^6� ��&
#,;E 
�9)�  �
8 5�/��� ^,�6� � A�B �R������ ����� ,����� ,�#��� 

�)#5��E (4JE� amirhesamhassani7@gmail.com 
K> �2)�,6� 5�_��� �&
#,;E ,����� ,����� 5�/���  �#��� 

f> �2)�,)���� 5�_��� ^'��^21�N 5�/��� ^�'#h����� ,���#� 
i> �2)�,U` S*��� 5�_��� �1^6� ��&
#,;E 

�9)�  �
8 5�/��� ^,�6� � A�B �R������ ����� ,����� ,�#��� 

������)�/�/�������/�/����(

:-!���(0+ 9�-:� (�6 ���� + ���� ;�� + <�=�� ��(+ 
Q2�� ��� ��.,i
9V .\ .c�iHM�& �.j �7�'&�+ �.� . ��..k� . �i	�V �����" �)#��-. l�S/9� a�$��% #���8 #0��&MSR �& �� � a��18 ,UV �� (

#$% �1

81BH
� � ���5/0 3& 1��$8 \�'
'��)� �1

81BH
� O�8 ���� #$% ��� O�� �D')��/F) �� :�� � �� 3$;�"<=)��(��[>h<.
Doi: 10.22093/wwj.2021.259574.3084 

����� 
/ �
:�Q9�%/ ��/�� �%V# 6�5 �E�Y &���Y 6�5 .GU/# )�U< LO �%R��/��%/#�93%�#�9��# �#@�� �;�� ��V�
 ��/�� �� �K�	 ��

 8�# @# X�5a5�tZ LO �%R�� &�#��7 &/��� ����7 �� �5 �U� &���Y ��k9�	 ��3��Z @# )
�R9/# �� u39�	 6�5 � 
�U���# ��Uv�	
�9�� ��%/#�93%� 6@�/Q5��	@ %%�� �8�#��	 8�# �
 .
�� �O 6
�13>( 6�5�9	#��Z ��%���#�� a5�tZ ����7 �� LO �%R�� 6�U5

&3Z )���7����	 &/��� �� G����; ��	@O T/�� #�9�# �
 u39�	 &3Z � J5O )#�>5 �� ��#�37 ��%�%	��O GU%���91�# �#�U� � 
�U���#
�9�� 6�5�9	#��Z .�< �9V#
�Z ����7 �5 �
 6@�/ pH :
��	c��bo&3Z .��#�37 ��%�%	��Ob��co&U3%	 JU>7 � �U9%� �
 ��U�

)���7����	 J5O 6�5c/o��bc&3%	 &3Z � �9%� �
 ��� G%���91�#b/o��i&3%	 &/��� �9%� �
 ������< ��3��UZ ��� �3"�	 �
 .
 &���Y ��k9�	�#�� �9�� � 
����# &"#�E &���Y ��%/#�93%� � 6@�/<a��U	@O .��U5�UZ�U� ��3�� �9U�� Q9U�%/ ���Un

)��� 6�#
��<&/��� LO �%R�� �
 �5��Y &-9��� )�D� .)�< �%R�� LO �
 ��%�%	��O �#$%	 .����; ��< 6�5�9	#��Z � ����U< .
&3Z 
#
 ���� G����; a��	@O _��9� �7 X?" �
 #� &��3W	 
�13>( ��#�37 ��%�%	��O��� JU5O @# )
�R9/# 8%�!>5 .G/# �9<#


3Z �&a�#$�# �(�� G%���91�#m)�< X?" 6�5�n�
 �
 6�n�
 .��#pH ��#��e�� $%� �#��(pH L�U�9�# �U�%�� U< ��3��UZ .�
����7 �
 &���Y ��k9�	 @# �9>7 6�5NTU boo #� ����; ��< �v� @# 
�13>( 8��9��G<#
 �
 ����; ��< .e@ G(�U/ ��U	 

)��� ���� 6�#
��c&��" �
 G��� a5�7 �n�
����7 �
 �7 6B�� 6�5 NTU ioo �� ��< a5�7co)�U< r�#$U� $U%� �n�

 � G��I ����7 X?" 6�5�n�
 .G/#a%� @#c/qq@# a%U� &��U�Y �U��#�� TU/�� $U%� 7 ��%�%	��O X?" �#$%	 .�n�
qq

�n�
G���� G%3��h �� &DW/ ����/� s�� @# �5��Y &-9��� s�� .8U�# .
�U� 6��?Z a5�tUZ # 
#
 ��U�� ��k9U�	 ��3��UZ @
&���YQ5��	@ �9�� � 
����# �� &	 6@�/ �� �#�� ��h � �	#��7 r�� J� �#��( �� X�W��# LO �%R�� ��v�	 ����7 �� uU39�	 6�5

 )
�R9/#�<.

�D	: ��� ���1E :�-Y� : ��Z9!	 �A@ G7��'	�-1�%	�-�	 G[�:�; GJ& ��?8 G���' 



) +#��D j�a2E� ��#�% +#���? +)��*MSR�  ( ... dx.doi.org/10.22093/wwj.2021.259574.3084 

96

����� � �� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 32, No. 4, 2021 

�2	�%3� 
�� ,�� %" ��� �� ������ > ��)$ �����	�� .�� ��>��&���"�*@�;�\�

>"�*��"��"�*@�;�o>�.�. ���"�*@�;�qx�&�� =��" �j"�> ��	�����  

HI/�
��
����=� [	�9�." 
 7c5� bNO �	�� �� ���	� .��
�� �� 
�O�(� �*�! ;"�8)��d# � ;"�8*� D 
�/ +���! v�@ ��% 
� "�

 ��")Ang et al., 2015(.
!�/ v@$"�5� X�-	&)/ +� �[�� '�� � +� ���X����! ��� ����

�����	� �����&��� ;���������	� ����.�"� ���*O"� 
���� ������
������
@
>"�*��"����"�*@���� "���� ;��
���� ��.����� ������� 1���� �" +��H*����" [
>"�*��"��"�*@��)$ ;��	�(� ������! +����"����#��.���" +���! "�

"�>	���� �"�>"�*�����"�*@��" ���C / 
�. ;� H��I/ ��E.�! � 
�H��� �� �
��% ��&@�T�
� 
&@� ��.�"� =� ;"� T	@�D" 
� �.��%�m��� �����

MP� � �� ��(# �"���*�� 
!���� �� 
������� ��.�"�. 7���
���.�� )Chae et al., 2009(.

���)$ 
���/�
P�$ >"�*��" �����"�*@�K�� �" ;� ������C��

! ��" ;"�8�)��d# � �D ��	H�I/ � '��� �A�B�> � �� 
�	Y
%" 
���(� ����;� 
� 
�/+��c �."" �� . �	� 1�7*�( ��� ,�9��� ����

�)$�	p�� �"��W ��*!"� ;=?� [%"� ������� ����)$ .��.���� ."�/

/��HD�
��� �b�D "��	�!�/�-���(� .� ���� �� ��� �" �����
. x�&�����"�� F��/ =�� � ��)$ f�� �	 *�)��� �� ;��+����

" 
!	HI/ �� �" +��H*�" �� [�T 1�
� +�� 
;��� 
� x�&�� X��D

 ���)$¨� :�J." ��� �8*>�� <���! ST�� ��t�������)$ f���

�����.(Cui et al., 2003) .

� @! ��P���7*( ����)$�	
P�$ 
�� �� � ���)> 7�! X���D

+�C� ��)>�# �"��C�������� 
! �.	Y�"! x���" �� �C.��H��� �

I?)� ����������&��	+��H*�" ;� ̈ �� �.���.(Choksuchart 

et al., 2002) .

�������!�"�> 7C�	��� ��)$�	
P�$ ���bN�O ,�" :[����

�*!�� �X���!�� �	� x�����������H�I/ �� 
��)��

�.�% ����

1 Microfiltration 
2 Ultrafiltration 
3 Nanofiltration 
4 Reverse Osmosis (RO)  
5 Membrane Modules 
6 Fouling 
7 Submerged Membrane 

�C� ���
!���� �������� ��� ����!���.�"� ���" "���� � �	1
��� ��� �� ;"�/	;���	� �)$ ��T ,�P ��.5�P�+��C� �"���� �

������ �� :�� �������! .��*!"�����������)$�	H��I/ ���

��.�% �����
�C�� �AB�>�*� �D �����" H�I/ �� 
�!�+��H*��" �A�B�> 


�� ��� )Lu et al., 2015(.
�"��8*>�� �E. �" ���)$ ��&@�T ��-C��+�C� ;��� ��"������

�� ]���! ����-C� 1�H���� ���	����% ;��"�> �	����� �� ����M�."


*?� ����u#�� ���� �" <	�� 
�*>�� ��E. �� ���)$ 
� ;������ 

)Kirschner et al., 2019(.
�>"	HI/ �� ��M�." � �� �� 
	� +��8 �	+d"���"� 
�� ���P�
�!

<��d# ���� ��	���#�+��  !�M� � +���� e��. ;���"� �"��� bN�O
 X�����!+���� :���J." .����"�"���� � v���� � +���  !�M� � ����?*."

�� ]���1���E@$�> �� ;� v���� �"	��� ���H��I/��� 
"���� ��	F

�" a@*?� ����	<��� �(/��r�� +��H*��"����� .(Van Reis 

and Zydney, 2007) .
�� �>	"� ,5� ���� ������	��7�"��> ;���! �9��." �A*�%" 
�:�5 E /�7pH ����F��;��=>" +��� 	��"�� +��  !�M� � �Y��! 

+�  !�M� � v�� � � .�� +��  !�M� � ���� .�������>���@! �	Y\h �

@#������ �"�@! :� �	�\\ �@# �����*&�" ���\o �Y���\q 
�� ���:��%

�#�. ST��	�@! X"�� ;�� �"�	����� .�� ��"�% #��#�.	�"� ;��� 
��7*( �@!�	��� "	1X"�� ��� ."�/ 
�7��=.	Y+�� ����>	"��  


*?� ���������� '�*J� �.�� �
*?� ����	"�&�)/�[�� �� 
�! 
�
�P�% "=>"	<�-(. :� 
��7JO 
/).� ��bNO V�*-�(. ���	'

�C.� ���(¨����.(Yong et al., 2019) 
�� ���x���" 1��� �"������@! � X����! ��������� Y�m�!


*?� ���� 7JO	���� '�J/�	5 � � ��	/����� 
�
� 
! �*O"���"
� 
*(� �)$ f���&)/ "� �.������� 
! +�"� [�"N�����/ ��)$

� �O	���� <��!�	��� )Rekabdar et al., 2014(.
" ������	� ,���O 1�7*��( �����
��*?� � ����M�." ������7��� ;����� ����

>����"�*@����)$ ;��	��@�>�
��� ,������ ����P H��I/ ������� :���% �� 


8 Coagulation and Flocculation 
9 Jar Test 
10 Ferric Chloride (FeCl3)
11 Poly-Aluminum Chloride (PAC) 
12 Polyelectrolyte(PE) 
13 CaO 



�'�	  �
�� �_�	 � 5 �
 ��� dx.doi.org/10.22093/wwj.2021.259574.3084 

97

����� � �� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 32, No. 4, 2021 

X�����! ������" ���*�!NTU jhH��I/ � ���.�"� �������!����� �� 

X�����! ���������	� 
��*?� � ����M�." �" +��H*���" ���� ������
��� +"�����
����*!"���)$�	
P�$ 7! ��)> �� ��
����P ����� [���!�+��).

��" )Choksuchart et al., 2002(.
" �� +�AT	�=/ �" +��H*��" ��"��� 1�	�=. �� "��� ���-O _	�&�

"=>" ST�� ���)$	��� < / <�. � +���9�." 
� ����� 7!�� ����
"�� :�5 7PA/�� �" � ,�* !��-^� �Q" �)$ f�� �" X"�� ;��� 1
��"N� ��"�% )Trinh and Kang, 2011(.

"	K�� 1[��W � �-^� �Q" ��*C� 
��/�"��� "��"=�>"	���� <
.5�P X�� �� ��H.�>��"�*@�� ;�). ;��.��� 

�� ����� � ]�.�c � ,�c�� �*�"� 1¨)��d# ���� 
��"�>	� 

��*?� � ����M�." ������> �" [��-W����"�*@����)$ ;��	���C.� .��� *%"��#

��	"�> 
! � *>�	�# ��M�." � �> �" <���"�*@���-*O" �� ;� � X"�� x
��������&��)/ �� �������(.�|��� [���@! ;����������" +����! Y���! 

)Sakol and Konieczny, 2004(.
����	8�. ;"����&�� ����Q0��/ 
��� =��� ����M�." �"�>	7��� ���  ;�����


*?� ����" ��>"�*���"�*@�HI/ �� ;��
����������.�� *%"��#
�*.	" �"� ;�). s	�> 1	"� � �HI/ �� �."�/��� 
! �� ���H��7c7��

 +��H*�"��� 
���P�� 
!�;"=�HI/ ���-(. �)$ ���� � +�� 

,�"�*� ���O 
� :��T)
�*?� �" +��H*��" �����8��)m <���! (���


*?� � ��M�." �" +��H*�" .��" 
*�"� ����" �" [�-W�"�*�>���"�*@�;�
"=>" ST��	! <�H�� � +�� ��H. ��bNO ;"=DOM 
�@O�� F��/

,�* ! ��M�." ����� )Guigui et al., 2002(.
9	� � �.��)��d# �� ;"��&������ 
����# <�M.�H�I/ <�



���*?� � �����M�." �������H���I/ ����� �� 
	� F�����/ 
���m��7*���(
"�>"�*���"�*@�� *%"��# ��)> ��/ ;�.�� �C.�	�" +��H*��" 
�! �� *>�

"�>	
��*?� � ����M�." ���  ������
��� ��# ;"��� T�H��I/ <��� ���C / 
��. �

�����.��! ���H����% �"���! �� �X�� ������ a�@*?�
����

 ������	 � ����� 
�&@� ����	 ���H. ;�������O �� ����)> ���/ ���)$ �"
m3/m2.h \rh �/ohh ���� +��� �"���	������	��O �/ ���)$

�	���.5�P���" +�� �/ )Xiangli et al., 2008(.
�� <��d�# 1	" �@# +��  !�M� � �" +��H*��"������ ��"�@! :� �	 �


� +�  !�M� � Y�! +"��� ���@#����*&�"����� Y�� H�I/�
��

X���! �� ����" +��H*�" �� a@*?� �#	X�@ �)$ `��*(��	\;����

 ��)> �" +��H*�"
���M�." ��E ��
�*?� �����> ����"�*@�;���)$�	
7� ;��� .�� ����� 

�2��x /�� 
�2�2E\J��$ Y#�,� 

" ��	1�"�� <��d#HI/��� 
X����! ��� ����a�@*?� ������
��� ���� ���� �NTU���� �" �� ��(/�� ;����� F���/ "�*

���� 
������*�"��#�pH C��C� �
� ��@# +��  !�M� � 
� ������ ��:�
"�@!	+�  !�M� � Y�! � ����@#����*&�"��� �Q" +��. � Y�� � �

X���! bNO �� :"�! ��.�� 
*%"��#�"�� C/��� �� 
X���! ����
Y�" �" k# "� x� G�% a@*?� ;���! 
�� ;���� �� X"�� X���D

���	�� =���W� ���� ��"���/ F����/ k|��� �+������	 �!���� :�"=��� Y
Sartorius Practum ,��213-1S ;"��C/ �C�� �� �� � +��! ;��

 [O��. �" k# ��
/ �T�� 7).� ��� �� ��	
� ;� ,�@�� ;"� T
C/���X�����! 
�����+��H*���" �a��@*?����� +���� 
*%���� ,���@�� �" .

,���@�� �����W����_�" +��H*���" ���� X�����! ���/C/ ����M� ����� 
����
)Tassinari et al., 2015(��� 
� k|� .���(/�� +�8*��� ��)�

��� ��@���
.��. �" �* ���� ����	�/ X���! �� <��
>��B" +��� 1
����*�"��# .��pHC� �"�M� ��
�  +��  !�M� � +��  !�M� � Y��! �

� "�> }��# ;"� T	<J � � �.��.

,�" 
@O�� ���"�� �/��C� 1�� 
 �;"=pH ����� �	��(/�� <
X���! �� NTU�� �� :�J." ����)� �� .����/�
�� /�/ �� v��� 

��@���X���! �� ,�@�� �" �*NTU�� 
�� k|�� .�� 
>�B" ����
@
*��� +�8*���,�� �*�HQ40 �!��y�o�E /�7pH 
�� /�/ �� v��

����������:�J."��@# +��  !�M� � +��� .������� ��"�@! :� �	 �
����@% ��������m ����)! �%���� ���D���l?��)� ���E@$ ���� 1�

��@�:����������)� 
� �*����/�� 
�.��. k|�� ���� 
>��B" �	 �
,���� ���(/�� +�8*����WiseStir JT-M6 �!����DAIHAN-

brand [&� � .������ �A*�%" [�T � �>�� �"�W	�T��� ��� '
��� W� �� ����
� � 
M X��	W� Y��%" � 
�M*�T��� ��� :"�� �A
�� ��� W� ���
� � 
M X����W��:�J." 
M��[��T :��J." �" k�# .

"�� �A*%""�� 
.��. �:�X����W��
� 
M 
/ :�J." ��E � ).� ���

1 Membrane Submerged Reactor (MSR) 
2 Hach 



) +#��D j�a2E� ��#�% +#���? +)��*MSR�  ( ... dx.doi.org/10.22093/wwj.2021.259574.3084 

98

����� � �� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 32, No. 4, 2021 

"��	����)� �" :"��! ��� �" � ��� 
*��"� 
�8. ;�&� F�	
�.��. Y
��"�����X����! �" +��H*�" �� �,��� s ��Turb 355 �!��� �
WTW +�"��." 
�.��. X���! ������.��� �"��� �P"���*. �" ;�� 	s

�����	:���J." <+����"���� ��X����!NTU�� .��� �"���&/ =���� ���� .
 l?)�;��! pH C��
@O�� �� 
  ��� � b�� ����	�/ ���C� 1�
 

X�����! �� +���  !�M� � +����� �����a��@*?�����"������ .	<����� 
+��� �� �(/����/����@�� �� :���@# �*������ ��"�@! :� �	 �� �

��6OpH C��� 
 
"��� +���� �����X����! ������������� �
��� ���� �NTU���� +�� �!� K�� _������ :�J." C� ��/�
� 

��@# ;"=������ �"�@! :�	"�� ��X���! ����/ +�� �!� ��� 1���� .
�"���/��+��  !�M� � Y�! �Q" +��. 1�@#����*&�" �� /��! ��.�����

� ��@%��" <��/ �!�� �D�� ��;��.�\�m ���)!������ � 1�
/ +��.0Q����D�� �� ;� ����6O �� X����! bNOC� ���@# 
� �-

����� ����"�@! :����	� �pH C��X������! �� �� 
��� NTU�� ���
������	���E@$ ���� ���(/�� <������/���/���/���/����

mg/L ����@#����*&�"���� 
����"�" �	����%� �� .����>�	�" 
���@O�� 1
����	<��� ���� 
� �(/���
�*%"��# Y��� +��  !�M� � Y�!

� �� .��" +��
;��� ���pH C��C� � 
 � @# 
������ �"�@! :�	�� �
X���! �������� �" a�@*?�	<���� �@-W ��(/���
�� ;�� !" �

�������7��� ;���� 
>���B" +���  !�M� � Y���! ;����� ���� � Y����)
@#����*&�"�C� ��6O �� (��@�D" +��  !�M� � 
  ��@#)������ ��:�

"�@!	.�� 
*%"��#(�

Fig. 1. A view of the Jar test to determine the optimum 
coagulant in the turbidity of 500 NTU 
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��%$ (2�	�)$ `��*(� X�@	�# � > X�I?)� 
Table 1. Technical specifications of submerged membrane reactor 

Pilot technical specifications

)Cm(Dimensions 
L 78
W 20
H 50

Thickness 0.5
Material Plexiglass

Membrane volume(L) 35
Height (Cm) 7

Dimensions of membrane plates (Cm) 
L 35
W 25

Thickness 1
Membrane material PESU with 0.04 microns of pore size

Type and number of air blowers 7 deep tubular aerators of large bubbles
Air supply source HAILEA ACO-308 air pump model

Pressure gauge Vacuum pressure in suction and membrane fouling

Fig. 2. Schematic of the submerged membrane reactor 
a) View from the front of the pilot and b) View from inside the pilot 
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Fig. 4. Results of Jar test for turbidity 10, 50, 100, 200, 
500, and 1000 NTU in determining the optimal 

concentration of PAC coagulant 
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Table 2. Optimal results of Jar test for turbidity 10, 50, 100, 200, 500, and 1000 NTU in  

determining the optimal concentrations of PAC coagulant with CaO and PE 
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96.750.5108100
96.850.7158200
98.4101208500
99.51515081000

Fig. 5. %Turbidity removal to determine the optimal concentration of PE in  
the presence  of different concentration of CaO, optimal PAC and pH=8 
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and PE, pH=8) 
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Fig. 7. Changes in the concentration of aluminum in the 
flocculation stage and after membrane filtration in 

different turbidities 
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Fig. 8. Ultrafiltration Flat sheet membrane used in MSR 
Pilot. a) Membrane in clean state, b) Membrane in 

fouling condition and surface sediments 
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