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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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Fig. 2. UF system to recover osmotic solution 
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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 �
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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� 
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!� �U*� 9� 

)j�(dV = −AJH�.�dt 

)j�(= −AAH� ;p − π%&'0 4567.8	98
9 = dt 
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= dt 
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T
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k9= !���� %�� !�V2 – V1"���� ��� %�� !�!�JC�� UF ��/* 
�� �&�.
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�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�� 

�9�9�9.Y� ��,� UF 
@��9 ���� "�7���9� FO "�j�%m��� %���r !�g* !�#�� 	��# 
q�� 7���9� UF %?� ��6"��- Y5N� 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*� !��� "� 	Y5N�FO "��- �UF D����� !��
j� � %m��psig �fJQ# .�*�# !#�� !g* %��re��� @��* ��6�

>��� !� !��� !� >�# >���� �� "���� ���� ���U� ��6 ���( c����
FO "�S�5?�SPA  	e� �*9� �,"�je!�� ��*9� ��,"�jk��W 
�� ��" �%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 Y5N� 
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��"���
��U*� 9� .�"�� ���4� "���- � "�# �� !��
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�e bar .%�� 
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.�# 
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− jklmn (17 ∙ 75)(2 ∙ 2 × 10
�)
(10 ∙ 18 × 10
�)(80 ∙ 71)(0 ∙ 690) ln

3 ∙ 2 × 10
� − jklmn (15 ∙ 75)(2 ∙ 2 × 10
�)
0 ∙ 690

3 ∙ 1 × 10
� − jklmn (15 ∙ 75)(2 ∙ 2 × 10
�)
0 ∙ 690= 0 ∙ 5 

q�� 

)j�(
0 ∙ 001764
+ (0 ∙ 885)jklmn ln 3 ∙ 2 × 10
� − jklmn (50 ∙ 21 × 10
�)

3 ∙ 1 × 10
� − jklmn (50 ∙ 21 × 10
�)
= 0 ∙ 5 

0

50

100

150

200

250

300

0 10 20 30 40 50 60

Fl
ux

(L
/m

2
h

)

UF pressure (psig) 

Feed, distilled water Feed, SPPA solution



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

39

����� � �� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 34, No. 3, 2023 

@� "� !� 
�� !����� "� (�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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