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Abstract  
In this study, first, the water purification process was modeled by the hybrid of direct osmosis membrane 
and ultrafiltration, then the current system was compared with experimental results in terms of quality 
control and costs. In the direct osmosis process, a highly concentrated sodium polyacrylate solution was 
used as the draw solution. When the FO side of the hybrid membrane met wastewater, seawater, or 
saltwater, clean water was drawn through the FO membrane into the SPA solution. Then, the clean water 
was removed from the SPA solution through the UF membrane by applying pressure, which can be 
hydraulic or mechanical, less than 1 bar. Modeling was done to prove the validity of the design concept. 
Some model equations were extracted to simulate the performance of the hybrid membrane, and the 
experimental data were analyzed based on the model equations. It is believed that this method allows the 
production of RO quality water at a UF pressure much lower than the RO pressure and thus leads to a 
significant reduction in energy consumption for water production. It was noticed that more water (than 
the calculated value) could be drawn to the SPA solution when the CSPA,0 was<15.75 wt% while less 
water was drawn when CSPA,0 was>15.75 wt%. 
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Fig. 1. FO system for water purification 
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� !�n��" ��- �� .%�� (�
3���� "���-��
%X5( !0���� 	�!�t� %�� ��� 

)�(π%'& = π%&'0 c%&'	

)�(π�� = π�0c��

!� �*��9π%&'0�π�0� �&#�� %��rc%'& %X5(SPA .�#�� 
�U*� 9���"���� !�SPA � "��!�S�  "�FO T�������*���&� 

q. 

)`(c%&'	V = c%&'.0	V0

@� "� !� 
VS�5?� �UMSPA 9 ���*��qo"���� 0���!V�c%&' @��* �"
��.�6� 

<=���� D���� ��j	��`!0���� 	et� J,�M ��# 

)e(J��.� = A!�"(π	%&'0 4567,898
9 − π�� )

�4 ��*�@�N��.�	(L h/ )�  9� 	���M�* ��!	���(A (m2)9� q�. 	
@� 

)�(N��.� = AJ��.� = AA!�" ;π%&'0 4567.<98
9 − π�� =

9� 
�� �"

)�(dV = N��.�d


�&v�6 �

)i(π�� = o(assumption	(b))
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0�� y�# �� !0���� JM�!V = V0"�t = o	

)�(dV = AA!�"π%&'0 4567.8	98
9 dt 

!� ���g&6t�� <��5�m >"��FO �#�� 

)jf(V = EV0� + 2AA!�"	π%&'0 c%&'.0	V0 t�0

�9�9-(&��.T
&��.T��� 
= !� >�# �"�� �� @�&�� ��!SPA @���&m !��UF �� ���/*�"� .��&�


*�	!��U S���5?� ���UMSPA � "��!��� 9�VG(L) !���V�(L) T������
��.�&� ��� "�#UF 	JH�.� �� >��� �� ��# 

)jj(JH�.� = AH�(p − π%&')

!� "�@�
AH����'.��/* ��w��( UF (L/m2 h bar) �p"��- S��m� 
>�# )bar(%��.

!� �U*� 9� 

)j�(dV = −AJH�.�dt 

)j�(= −AAH� ;p − π%&'0 4567.8	98
9 = dt 

9� 
�� �"

)j`(I9

''JK;L
M5678 N567.8	O8

O =
= dt 
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*� �� ���W 

)je(P I9
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M5678 N567.8	O8

O =
9�
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0

!� "�@�
tUF @��9 9��*�"�� UF ���� @�*��" �UM 9�V1!� V2%�� .!�U�
* 

S��g
*� !0���� <"�, !� ���Wj�%�� 

)j�(− 9�
9Q
''JK	L − π%&'0 4567.8		98

''JK	L� ln
9�
M5678 N567.8	O8

T
9Q
M5678 N567.8	O8

T
= tH� 

k9= !���� %�� !�V2 – V1"���� ��� %�� !�!�JC�� UF ��/* 
�� �&�.

�9g%I � UA�T< 
�9�9G!�W,A��>� UA�T< �I �+� 	$A�5� 
�9�9�9.Y� -��> h��3 
�r� @��9 ���� w��( FO ����!�'T� ��@�3�� ��>���� >�# !�� 

S�5?� SPA "�!��� "�JQ# �!�� @���&m >��� ���6 ����U� @���* 
>��� >�# %��.�� @��* ���
* �6� "���� ��>���� >��# !�� !���� 

����( FO-UF 7��3-� �� @��9 ���� w��( FO 7��3-� ������� .
9� ���U*� !�
��
��� "���� ������� j�%m��� )��f !���Z� (!�� 

JC�� !��� >���� 	��# 
��� @���9 ����� "�7����9� ���6 ����� 
.�# >��/
�� 

Fig. 3. Effect of contact time on the amount of water 
drawn by FO membrane (FO membrane, TFC SW 400 

ES; membrane area, 10.18×10−4m2; draw solution 
15.75% of aqueous SPA (MW 15k) solution; initial 

volume of SPA solution in the bag, 2.2×10−3 L; 
feed, distilled water) 
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Fig. 4. Effect of UF pressure on the amount of water 
collected as the UF permeate (condition of FO 

experiment was the same as Fig. 3. UF membrane, 
PSF membrane of MWCO 5k; membrane area, 

10.18×10−4m2, initial volume of SPA solution in the bag, 
V1, 3.2×10−3 L, UF operation period, 0.5 h) 

�'Ki{"��- �r�UF +�4 �� "���� �� �"�� !� >�# [���� @��&mUF  

)7���9� c���#FO JQ# �&*�����( .���wUF ���( 	PSF 9�
MWCO 5k 	��( %M��� d10 ∙ 18 × 10
� 	+����
� 

S�5?� !�0�� �UMSPA 	!��� "�V1	3 ∙ 2 × 10
�	 L	
<��5�m >"��UF 	e/f(%m�� 
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�#�� 	��# 
q�� 7���9� UF %?� ��6"��- Y5
N� S��*� ��# .@���6 "��  

!� JQ# `@��* ��	�6� "���-psig �f����� 	��&���-UF k9= �
�-�� %��."��- "�X&� k9= "��-��� !�� ������ ���# S���m���

3���� S�5?� 9� >�# �'4�9� ��
�� "���- � ���# }"��C�f"���
-���*�%�.

�9�9�9.Y� @j
d 	&��� �(
%� SPAA 
!��m��U� 7�����9� 9� �� ����6FO-UF %��X5( ���� !���0�� ����6SPA 

���� @��9 .�# k�U*� !��� "� 	Y5
N�FO "��- �UF D����� !��
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>��� !� !��� !� >�# >���� �� "���� ���� ���U� ��6 ���( c����
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�� ��" �%X5( "�SPA  	�e!�� ��*9� �,"��/j7��3�-� k��W

.%�� !
-�� 

Fig. 5. The effect of SPAA concentration in the bag on 
FO and UF (FO membrane, TFC SW 400 ES; membrane 
area, 10.18×10−4m2; initial draw solution concentration, 
CSPA,0, variable; initial volume of SPA solution in the 
bag, V0, 2.2×10−3 L; contact time for FO, 12 h; feed, 
distilled water). UF membrane, PSF membrane of 
MWCO 5k; membrane area, 10.18×10−4m2, initial 
volume of SPA solution in the bag, V1, depends 

on CSPA,0; UF operating pressure, 50 psig; 
UF operation period, 0.5 h 
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��+[*{���
* 7���9� FO ���� S�5?� 7�� SPAA 	�e/je�,"� �*9� ���S�5?� ��6 ���"�C Y5
N� 
Table 1. Results of the FO test for a SPAA draw solution of 15.75 wt% and with various feed solutions 

Reverse draw solute (SPA) 
flux (g/m2·h)

Water flux 
(L/m2·h)Feed solution 

0.00151.75Distilled water
0.00181.250.15 wt% aqueous NaCl solution, mimicking brackish 

----Opposite fluxWater3.5 wt% aqueous NaCl solution, mimicking seawater

Fig. 6. Results of UF experiments: effect of pressure on 
flux (UF membrane, PSF membrane of MWCO 5k; 

membrane area, 19.62×10−4m2; UF operating pressure, 
variable; UF operation period, 10 min; feed, distilled 

water, or aqueous 0.875 wt% SPA 
(MW 15k) solution) 

'K�l{�
*����9��7w�6 UFrl� :����() "�# �� "��-wUF��( 	w

PSF 9�MWCO 5k  	��( %M��� d19.62 × 10
� "��- d+����
�
"���UFT
� 	�d�5�m >"���<�UF 	jfZ��d!� 	�n�� �� 	h�"�C��

�� S�5?��i�e/f*9� �,"��SPA (MW (15k) 

�9�9�9��>�AF6�! UF 

JQ#�"�# �� "��- �r�UF �� @��* �" �6�.�*��9 ��� h�"��C !��
 S�5?� �� �n�� ��SPPOK���i�e/f���� ��*9� �,"�	�� ��6

 ��� 7��3�-� >�# S��m� "��- �� �nC <"�, !� ������� "�# � ��&���
���g&6 ���M h�"�C !�SPA "��# 	��#��	��� ��
�� ���� .���#

q. �*9 >��# S���m� ��6"���- k���� ����� �p��� 7��� 9�i/��
�,"�.��� ���9� �� ��6�7FO �UF ����l����!�� ��&&� �������� 
SPA 9�� ��8�* �6��(�3.%�� >9��*� !����?� ����� %X5( ���W

q. �,"� �� k�U*� ��9 <"�, !� �*9 ��# 

)KL(R=	"[\\]
"T\^_\`a
"[\\]

× 100 

1 Sulfonated Poly Phenylene Oxide (SPPO) 

@� "� !� 
Cfeed � h�"�C %X5(Cpermeat .%�� %���. "� %X5( 

�9�9H�3A	�
%3&'
��� �!?I.�3G�+� E\��7� �I 
�9�9�9H�3A	�
%3&'
��� �!?UF 

#p������3U��!�5?��J>��� �6�UF JQ#`>��� ��� >����6 ��6�
JQ�#�.���# k���U*� JQ��# "����0���C �� h�"���Cπ%&' = 0 
.%���^nC !n��"���
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"��- ��
���
7��nZ ��r� � %���
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.�# 
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tH� = 0.5	i !0���� "� 	j���"�� 
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@� "� !� 
�� !����� "� (�8 %��) S�� <"��me/f"� .%�� ^8�� "����

(�8 %��) k�� <"��m	jklmn < 0.35	qrs%	 JQ# ���n��!��
 9� J�*�4@�"��Q�6 �)Ge et al., 2013(�� ����� 	q��� .!%���

 ���W"3� !��� �"������ @�"��e/fJ��C�� }���N� 	(%����" %����)
�������&�� 	�������#�� ^������8�� "���������� ���������� �
�"�������g0 

3.1 × 10
� − jklmn (50.21 × 10
�).%�� �/, �� ����� �������
	
�������&� π%&'0 = 0.0617 tuv

%�3����� "����- ��e/je���,"�
 �*9�S�5?� SPA  15.75 × 0.0617 = 0.972	qrs %��.

!� !0���� S��m� �� 	!���� "� j�>��� !� "� ��6 psig �f "���- 	
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���� �3��� "��-iei/`"���- "� "���UF 	psig ef

�� 7��3-� S)�"���6 �W����- �=��
M� .����SPA "���
*� D���s
�� ��=�� �
M %X5( 7�nZ !� �U&� � >��� 76�� �" �� .��# 

�9�9�9	AH�3 �
��� '&
%3 ?�! FO 

�� 6�g*�JQ�# !�`	0.32 × 10
�	L 0���
 "� ��jif Z��!�� !��
=�!SPA ���>�*��9 	�# �!�V0 = 2.2 × 10
�	L .���� q���

!��0���� j������ S����m� �">9� >��/
���� ���� �π%&'0 = 0.0617 tuv
%

�!"� >��� %�� !0����j���"�� 

)�f(
(2 ∙ 2 × 10
� + 0 ∙ 32 × 10
�)
= E(2 ∙ 1 × 10
�)� + 2(10 ∙ 15 × 10
�)wxyz(0 ∙ 0617)(15 ∙ 75)(2 ∙ 2 × 10
�)

@� "� !� 
ATFC �� ����� L/m2h bar jjee/f9� ��
�� "����� !� %�� `/f

��L/m2h bar  i/f%������� SPA i/j@��
0�� �5�� >��# >���
� %�� "�76��. t4@�"�Q�6 �(Ge et al., 2013) ["�3W >��#
%�� <����g� !�� J�0� 
�� !� �=��
M� 	SPA  �"76���. 
��� je

9� �
��� "���� !� %�� @�
0�� �5��i/j%�� @�
0�� �5��.
9� >��/
�� ��A!�" = 0.1155 d


�e bar�� �� "���� 	�>�>�#
= !��!SPA !0���� �� jf��� .�# !���?��@��9 �6�Y�5
N�FO 	
tFO �
* ���JQ#`� @��* !��>��� ���n� �6� �6���U� ��"���� 

�s" >�# !���?��%.%�� 7N� 

�� �� "���� 	q���>�S��5?� !�� >��# SPA � "��!�� �����
%X5( �6�Y5
N� SPA 0���	!CSPA,o �
* � !���?���JQ# "�e

� �-��� .�# >��� @��*�
�
* � S�� !���?������U�������30 ���C
*�%��*�" .�� >�6������# *��9 !��!��CSPA 9� ��
���e/je

*9� �,"��� �� 	%����
���)9!���?� "���� S��5?� !�� (>�# 

SPA  ���>������# 0��M "���
Z� !���CSPA,o ���79��e/je
*9� �,"���#���
�� �� 	����>�����#� .�
�&�� @����%���

 3���� "��- !��9� ��=���CSPA f�j�/f!�� ��
Z� %���CSPA,o 
9� �
�� �e/je*9� �,"����#�� qQ�0��� �!�� 	@���* ��� ��6� 

* %X5( 7�nZ�3"�FO � k�U*����#.

�9�9m. <� M. N� ��( � �� E�jR��?�H!A	 C @ j
d �
SPA =��.3 �� 

�9�9�9<&>�m.<�?

��� �� ���0�� @��Q�� !�� %��� 
��� ����&���. ����( !��� %�3�
 %�/��RO ����� 9���*�"�� "���- %?�UF !�� �" ���4� ��� �"�� .

��0�� ���� 9��*�"�� �)�*�j"���- "� 3���� �� D��Q��
�p(Pa) 
�� �����1 × {(|) ��� 9���*�"�� �)��*� 	
������&� .%���pD���&
�

 ���( ���� "��- >���?� .%��SWRO �BWRO !�D����e/e
��i��/j���/�S�g��.�g� 0�M "� 	%���"���- ����� !��UF 

����&��.psi �f���M)�/f����� 	
������&� .%��� (S�Q��.�g�
�!9���*�"�� �)��*� 	@���Q� ������� %�/�� �� �� @�"�� %��i���

�i �� �
�� ����� �)�*� ��6 �p�m !� %�� J�0� 
�� !� 
�� .��# ��
�- ������&�FO .%��* 9��*�"�� ��g&6 ������ !���?n�����&*�� 

!*�C��" ������( 	�&
�6 �� +�&� !����UF ���!�� ��*��� "�� 
�
��������/B��!� �� .��# >��/
�� ���
�
�� >��/
�� 	S�M��9�
UF �� >9��*� !��� !��!����(�����0�� ��*��� ���	��&� 0�� �� ���
�*�.�&� 

�9�9�9H! #T�.J .j< ��A	C

36�!&0����9 J���m !� ������-�� �&*���%0�� ������>�g
���
�  9� �� @��� "����-��������(�UF g
�����.�"�� ���"���� "���-�

��!���( �^��%���3>�&&� ��#� ���*��"��B� ���
�� "� .%��
 �#
�� @��� "��- �� !�	���!�� �" ������ >���- @���	����� ���

#�N����- !� ��M %�� "�����psi ��� %��!� !-�� >9��*��	�



����O�	 � A� �	 
��
� dx.doi.org/10.22093/wwj.2023.378636.3310 

40

����� � �� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 34, No. 3, 2023 

���9 *�%�.
� "���
��� JQ��# "� >���# >��� @����*���� 	�"�&5 *�@)����
 �"

���� @����^
��� ���.�) !�C�8��if���psi j�f ��4 (�3g�

�  9� �" �� �� �������(�UF �n�� 9� >��/
��� ��� .��6� "���-

��(��j�� 	+�����
��@����j0���
 <��� "� �" ��j!�� %m���
� JC���!������ ���  !���
�� �5�-��������*� ��&8 ���m "�

Z��!�� .��# }"�C�
�����^��%��#���*����*� !��� �-�� >9�� ��
.%�� ��C 

��%�6�J��Z !���� J�M � ���* c���HTI �M�� ���#>���*	
� ����!���(��!� ���*�^���
�� ���� �3�U��9���9���S��5?�

* 7���9�� "� � �"���%HTI ������ ���>��p��� �� >���6 >�#
����Z"��#�* >�#�>�� �� >�pm .��#�	
��%HTI � �"�@����
 ��&��^��� "��>��/
 0��M "� 	������ !�� ��%
��� "� >��# ��-���

 76��.�����# >��/
�� �6"�� � �6"�� �*��� .(Emadzadeh et al., 

2019) .
5,� <��nZ���� k9=�� %C�� ��%0�� ���� c���� ���!�� 

����( <"��m �*� :9� 
��. 
���:�e��� "=���Q	��(�FO  :�ff ��� "=����Q "�
+�����
�)���( 9� ��W�wTFC RO ���# >��/
����f��� "=����Q 

+����
� �6 ����� �6��C��(.��36 � ����� @���� !-�s��!�& )��
*��
��!�� ���
� ��( 9� >��/
�� <"�, "� 	"��-�TFC RO36 	�!&

���M J�jff ��� "=���Q.���� ��6��C >�g
��� ���������� ��^

�� ��.�#)���

�>�*��9��KatadynZ !� �s�M S�M "� (�%�� 
���f � !
C��- "=����# )Ge et al., 2012(.Z�%�� ��^���%

0�� @�9"���"��ns� �����9� �
�� �*���ef��#�� "=�(Ling et  	
al., 2010) � c�- ��*� �����
���� ��&*������ � ��&&� _'�M �" ��6

0������ !� >�#�3���!���(��.����&��*�%�.

�9�9�9@&L&: �.TC: 
9����4�i�e/f�*9� �,"���p���SPA  )MW 15kDalton(

��( c����UF (MWCO, 5k)	9� �
���i/���,"� ���� �"�
���
� 6 �"�����SPA N�� [���� "���.��* >��� ��4 76���. 

@�"�Q�6 ���� @��* 9����4 !��j�/f� "� k��W��5�0���
 p��� �
SPAA )MW 5kDalton(���( c�����UF  (MWCO, 5k 

Dalton)	9� 7�������,"� %���.(Ge et al., 2012) �����&��	

>��� �6�9����4�!�%�� � c��� >����
	76���. 9� ��
�� ��4 �

	%�� @�"�Q�6 !�� 0� !�� �=���
M� ��J0��Q0�� @9����=���SPAA 
>��/
�� >�# � "��
%�� 76��. .
� ���
	��4�������� ��� �p�����/* �� "����^�*��g*�

�4�%�� *���9�!�� [����� 9� !�� ���#� �� @���&m�*����/
���>
������&� .��#�
76��. w�6 ���
� ����� ��@�& k��m 9� �������� 

JM >��� "��s >�*�#�C�� .%���[�" 9� �6�<"���m 
Q�� ���*
9�:�3��-��70���Q0�� @9��SPA�3��-� 	�7MWCO ����(wUF � 	
.��*� z34 J���
��SPA 9����4 !���z34 76��� �� �" �p���"�

"�#UF � ��������N�.

O9	�&T< ?.&J 
@�Q�� U&���^��(�6�������4���FO-UF S��� ��� � �9���

�# !����� 	���U� ���
*� �" �� .�"���- ��� @����psig �f"��f
Z��!�5�m 9� q.�<�UF "�C ��( 9�}� .����
!�� %���&�� @���

� �� �0�C ���/�%'.��/*��RO 3���� "���- ��) ���. 9��(���
5�m "��- "�����UF �!�� %��������� .�!�& 9�������
�� J���#

�6��( ��N
*��>��/
�� >�#����FO �UF S�5?� %X5( 	SPA 	
5�m @��9 <���<�FO �5�m @��9 <�� � "��-�<�UF	���"��

.�# 
76�� @�Q��*�"�� "��-�9�RO !��UF >��� @���* ���s� !��

 )��*� _�B� 76�� !� �U&� !� �#�36 ��!�& 0�� �������� .���#
� �� >�pm�	
"��-UF ��!�� ��*��� 6 "���- <"��, ��0�"��^���

�Q�*��Q������&� .���# !�z�"��
_���6���
���� �M��  !�������(�
6�������4��!������ �-���&^�� .�&� 

P9G<���+0 
� @��9��� ��6 %���M %?� 	["�g* �� 9�(� !5M�� 9� 76��. 
��

.%�� @� !� y���� @�W�&���* "�� J,�M � %�� >���* ����* 



4�� �	 �
�) � ���2C� (�)� ���T �)
� 78 ��XK� ������ ���
... dx.doi.org/10.22093/wwj.2023.378636.3310 

41

����� � �� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 34, No. 3, 2023 

References 

Achilli, A., Cath, T. Y. & Childress, A. E. 2010. Selection of inorganic-based draw solutions for forward 
osmosis applications. Journal of Membrane Science, 364, 233-241. 
https://doi.org/10.1016/j.memsci.2010.08.010. 

Achilli, A., Cath, T. Y., Marchand, E. A. & Childress, A. E. 2009. The forward osmosis membrane bioreactor: a 
low fouling alternative to MBR processes. Desalination, 239, 10-21. 
https://doi.org/10.1016/j.desal.2008.02.022. 

Benavides, S., Oloriz, A. S. & Phillip, W. A. 2015. Forward osmosis processes in the limit of osmotic 
equilibrium. Industrial and Engineering Chemistry Research, 54, 480-490. 
https://doi.org/10.1021/ie5038787. 

Cartinella, J. L., Cath, T. Y., Flynn, M. T., Miller, G. C., Hunter, K. W. & Childress, A. E. 2006. Removal of 
natural steroid hormones from wastewater using membrane contactor processes. Environmental Science and 
Technology, 40, 7381-7386. https://doi.org/10.1021/es060550i. 

Cath, T. Y., Adams, D. & Childress, A. E. 2005. Membrane contactor processes for wastewater reclamation in 
space: II. combined direct osmosis, osmotic distillation, and membrane distillation for treatment of metabolic 
wastewater. Journal of Membrane Science, 257, 111-119. https://doi.org/10.1016/j.memsci.2004.07.039. 

Cath, T. Y., Childress, A. E. & Elimelech, M. 2006. Forward osmosis: principles, applications, and recent 
developments. Journal of Membrane Science, 281, 70-87. https://doi.org/10.1016/j.memsci.2006.05.048. 

Cath, T. Y., Hancock, N. T., Lundin, C. D., Hoppe-Jones, C. & Drewes, J. E. 2010. A multi-barrier osmotic 
dilution process for simultaneous desalination and purification of impaired water. Journal of Membrane 
Science, 362, 417-426. https://doi.org/10.1016/j.memsci.2010.06.056. 

Choi, J. S., Kim, H., Lee, S., Hwang, T. M., Oh, H., Yang, D. R., et al. 2010. Theoretical investigation of hybrid 
desalination system combining reverse osmosis and forward osmosis. Desalination and Water Treatment, 15,
114-120. https://doi.org/10.5004/dwt.2010.1674. 

Choi, Y. J., Choi, J. S., Oh, H. J., Lee, S., Yang, D. R. & Kim, J. H. 2009. Toward a combined system of forward 
osmosis and reverse osmosis for seawater desalination. Desalination, 247, 239-246. 
https://doi.org/10.1016/j.desal.2008.12.028. 

Coday, B. D., Xu, P., Beaudry, E. G., Herron, J., Lampi, K., Hancock, N. T., et al. 2014. The sweet spot of 
forward osmosis: treatment of produced water, drilling wastewater, and other complex and difficult liquid 
streams. Desalination, 333, 23-35. https://doi.org/10.1016/j.desal.2013.11.014. 

Emadzadeh, D., Lau, W. & Ismail, A. 2013. Synthesis of thin film nanocomposite forward osmosis membrane 
with enhancement in water flux without sacrificing salt rejection. Desalination, 330, 90-99. 
https://doi.org/10.1016/j.desal.2013.10.003. 

Emadzadeh, D., Matsuura, T., Ghanbari, M. & Ismail, A. F. 2019. Hybrid forward osmosis/ultrafiltration 
membrane bag for water purification. Desalination, 468, 114071. 
https://doi.org/10.1016/j.desal.2019.114071. 

Fritzmann, C., Löwenberg, J., Wintgens, T. & Melin, T. 2007. State-of-the-art of reverse osmosis desalination. 
Desalination, 216, 1-76. https://doi.org/10.1016/j.desal.2006.12.009. 

Ge, Q., Su, J., Amy, G. L. & Chung, T. S. 2012. Exploration of polyelectrolytes as draw solutes in forward 
osmosis processes. Water Research, 46, 1318-1326. https://doi.org/10.1016/j.watres.2011.12.043. 

Ge, Q., Ling, M., & Chung, T. S. 2013. Draw solutions for forward osmosis processes: developments, 
challenges, and prospects for the future. Journal of Membrane Science, 442, 225-237. 
https://doi.org/10.1016/j.memsci.2013.03.046. 



����O�	 � A� �	 
��
� dx.doi.org/10.22093/wwj.2023.378636.3310 

42

����� � �� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 34, No. 3, 2023 

Gu, B., Kim, D., Kim, J. & Yang, D. 2011. Mathematical model of flat sheet membrane modules for FO process: 
plate-and-frame module and spiral-wound module. Journal of Membrane Science, 379, 403-415. 
https://doi.org/10.1016/j.memsci.2011.06.012. 

Hancock, N. T., Phillip, W. A., Elimelech, M. & Cath, T. Y. 2011. Bidirectional permeation of electrolytes in 
osmotically driven membrane processes. Environmental Science and Technology, 45, 10642-10651. 
https://doi.org/10.1021/es202608y. 

Hickenbottom, K. L., Hancock, N. T., Hutchings, N. R., Appleton, E. W., Beaudry, E. G., Xu, P., et al. 2013. 
Forward osmosis treatment of drilling mud and fracturing wastewater from oil and gas operations. 
Desalination, 312, 60-66. https://doi.org/10.1016/j.desal.2012.05.037. 

Hoch, G., Chauhan, A. & Radke, C. 2003. Permeability and diffusivity for water transport through hydrogel 
membranes. Journal of Membrane Science, 214, 199-209. https://doi.org/10.1016/S0376-7388(02)00546-X. 

Holloway, R. W., Childress, A. E., Dennett, K. E. & Cath, T. Y. 2007. Forward osmosis for concentration of 
anaerobic digester centrate. Water Research, 41, 4005-4014. https://doi.org/10.1016/j.watres.2007.05.054. 

Kravath, R. E. & Davis, J. A. 1975. Desalination of sea water by direct osmosis. Desalination, 16, 151-155. 
https://doi.org/10.1016/S0011-9164(00)82089-5. 

Lay, W. C., Chong, T. H., Tang, C. Y., Fane, A. G., Zhang, J. & Liu, Y. 2010. Fouling propensity of forward 
osmosis: investigation of the slower flux decline phenomenon. Water Science and Technology, 61, 927-936. 
https://doi.org/10.2166/wst.2010.835. 

Ling, M. M., Wang, K. Y. & Chung, T. S. 2010. Highly water-soluble magnetic nanoparticles as novel draw 
solutes in forward osmosis for water reuse. Industrial and Engineering Chemistry Research, 49, 5869-5876. 
https://doi.org/10.1021/ie100438x. 

McCutcheon, J. R., McGinnis, R. L. & Elimelech, M. 2005. A novel ammonia-carbon dioxide forward (direct) 
osmosis desalination process. Desalination, 174, 1-11. https://doi.org/10.1016/j.desal.2004.11.002. 

McGinnis, R. L. & Elimelech, M. 2008. Global challenges in energy and water supply: the promise of 
engineered osmosis. ACS Publications. Environmental Science and Technology, 42 (23), 8625-8629. 
https://doi.org/1021./es800812m. 

Mcginnis, R. L., Hancock, N. T., Nowosielski-Slepowron, M. S. & Mcgurgan, G. D. 2013. Pilot demonstration 
of the NH3/CO2 forward osmosis desalination process on high salinity brines. Desalination, 312, 67-74. 
https://doi.org/10.1016/j.envint.2021.106498. 

Padervand, M., Asgarpour, F., Akbari, A., Eftekhari Sis, B. & Lammel, G. 2019a. Hexagonal core–shell SiO2 [–
MOYI] Cl–] Ag nanoframeworks for efficient photodegradation of the environmental pollutants and 
pathogenic bacteria. Journal of Inorganic and Organometallic Polymers and Materials, 29, 1314-1323. 
https://doi.org/10.1007/s10904-019-01095-2. 

Padervand, M., Ghasemi, S., Hajiahmadi, S., Rhimi, B., Nejad, Z. G., Karima, S., et al. 2022. Multifunctional 
Ag/AgCl/ZnTiO3 structures as highly efficient photocatalysts for the removal of nitrophenols, CO2

photoreduction, biomedical waste treatment, and bacteria inactivation. Applied Catalysis A: General, 643,
118794. https://doi.org/10.1016/j.apcata.2022.118794. 

Padervand, M., Lammel, G., Bargahi, A. & Mohammad-Shiri, H. 2019b. Photochemical degradation of the 
environmental pollutants over the worm-like Nd2CuO4-Nd2O3 nanostructures. Nano-Structures and Nano-
Objects, 18, 100258. https://doi.org/10.1016/j.nanoso.2019.100258. 

Padervand, M., Rhimi, B. & Wang, C. 2021. One-pot synthesis of novel ternary Fe3N/Fe2O3/C3N4 photocatalyst 
for efficient removal of rhodamine B and CO2 reduction. Journal of Alloys and Compounds, 852, 156955. 
https://doi.org/10.1016/j.jallcom.2020.156955. 



4�� �	 �
�) � ���2C� (�)� ���T �)
� 78 ��XK� ������ ���
... dx.doi.org/10.22093/wwj.2023.378636.3310 

43

����� � �� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 34, No. 3, 2023 

Phillip, W. A., Yong, J. S. & Elimelech, M. 2010. Reverse draw solute permeation in forward osmosis: modeling 
and experiments. Environmental Science and Technology, 44, 5170-5176. https://doi.org/10.1021/es100901n. 

Phuntsho, S., Hong, S., Elimelech, M. & Shon, H. K. 2014. Osmotic equilibrium in the forward osmosis process: 
modelling, experiments and implications for process performance. Journal of Membrane Science, 453, 240-
252. https://doi.org/10.1016/j.memsci.2013.11.009. 

Reig, P., Luo, T. & Proctor, J. N. 2014. Global Shale Gas Development: Water Availability and Business Risks.
Water Resource Institute, Washington, DC. USA. 

Rhimi, B., Padervand, M., Jouini, H., Ghasemi, S., Bahnemann, D. W. & Wang, C. 2022. Recent progress in 
NOx photocatalytic removal: surface/interface engineering and mechanistic understanding. Journal of 
Environmental Chemical Engineering, 108566. https://doi.org/10.1016/j.jece.2022.108566. 

Sagiv, A., Zhu, A., Christofides, P. D., Cohen, Y. & Semiat, R. 2014. Analysis of forward osmosis desalination 
via two-dimensional FEM model. Journal of Membrane Science, 464, 161-172. 
https://doi.org/10.1016/j.memsci.2014.04.001. 

Shaffer, D. L., Arias Chavez, L. H., Ben-Sasson, M., Romero-Vargas CastrillóN, S., Yip, N. Y. & Elimelech, M. 
2013. Desalination and reuse of high-salinity shale gas produced water: drivers, technologies, and future 
directions. Environmental Science and Technology, 47, 9569-9583. https://doi.org/10.1021/es401966e. 

Tan, C. & Ng, H. 2010. A novel hybrid forward osmosis-nanofiltration (FO-NF) process for seawater 
desalination: draw solution selection and system configuration. Desalination and Water Treatment, 13, 356-
361. https://doi.org/10.5004/dwt.2010.1733. 

Xiao, D., Li, W., Chou, S., Wang, R. & Tang, C. Y. 2012. A modeling investigation on optimizing the design of 

forward osmosis hollow fiber modules. Journal of Membrane Science, 392, 76-87. 
https://doi.org/10.1016/j.memsci.2011.12.006. 

Yaroshchuk, A., Bruening, M. L. & Bernal, E. E. L. 2013. Solution-diffusion–electro-migration model and its 
uses for analysis of nanofiltration, pressure-retarded osmosis and forward osmosis in multi-ionic solutions. 
Journal of Membrane Science, 447, 463-476. https://doi.org/10.1016/j.memsci.2013.07.047. 

Yong, J. S., Phillip, W. A. & Elimelech, M. 2012. Coupled reverse draw solute permeation and water flux in 
forward osmosis with neutral draw solutes. Journal of Membrane Science, 392, 9-17. 
https://doi.org/10.1016/j.memsci.2011.11.020. 

This work is licensed under a Creative Commons Attribution 4.0 International License 




