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Abstract  
Water pollution with petroleum compounds is one of the most important environmental 
problems in oil-rich countries, due to its adverse effect on soil, water, and human beings. The 
hydrophilic hollow fiber membranes were produced by polymer blending of polyamide imide 
and sulfonated poly ether ether ketone. Membrane structure and function were investigated by 
field emission scanning electron microscopy analysis, N2 permeation, overall porosity, collapse 
pressure, water contact angle, pure water flux tests. A membrane bioreactor system was used for 
oily wastewater treatment. From FESEM, a more open structure with larger finger-like was 
observed by increasing the PAI / SPEEK ratio. Using the PAI / SPEEK ratio of 85/15, the water 
contact angle of the membrane was decreased from 74° to 58° which showed a significant 
hydrophilicity improvement. From compaction test, pure water flux of the membranes showed a 
gradual decrease during 2.5 h and then reached a steady state with minimal changes. During a 
period of about 5 hours of the oil separation through the MBR process, the plain PAI membrane 
and the blend PAI-SPEEK membrane showed water flux reduction of about 35% and 21%, 
respectively. Under 5 bar transmembrane pressure and the addition of 30 mg/l of oil spill eater 
(OSEII) enzyme, the oil concentration decreased from 36 ppm to 1.2 ppm in the wastewater, 
which represents the oil removal efficiency of about 97%. In this work, the optimum state for 
oil removal was obtained in terms of adding OSEII and aeration. 

Keywords: Blend Hollow Fiber Membrane, Polyamide Imide, Sulfonated Poly (Ether Ether 
Ketone), Membrane Bioreactor, Oily Wastewater Treatment. 
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*>�� opx���(@� 

�� 7�� ���/ ��%"� &	 ;��

�� ,�@�� ;�� ���" ��M. ;"�/ "��W ;��! �*�/ �� "� �� ��M� �� X
�
.���� ��� �E@$ �� ��� ���	� ����� �����@# ,��@�� ��"N��

�� ��B�� 7�� ��� ����O 1�	" �� 
�! �*>��� `�H/" �."�/ :�"��� ;��
 b�P������� ����" ���O 
� ,�@�� �� X"��W �*)�� ;��=>" �� .

 [	�-/ ������/ � [&������� ;��). 
�! ;����"�*�/ ;��	�# +�� ��
��"+�"�." �� k|� . ��� +��� 
>��B" �� �"�M� ���� v��!�/ ;"��/

 l?)� "� ���" 
�M. �� ,�@����c 7����/ "� ����> 
�� :"���	� �
��c.

oLjL,�@�� �&��� 	����/ �>�)�# ����@# ��� :�
��E ������ 
U�!,�@�� �&��� 	����/ X�I?)� �
@�D�> �����@# +�� 
�C/ ���

�"=*�" � 	��� �� � � �	��J��
 
�
�� � ��	N# �� ,"�
.��.��� ����
 �"�M��"=*�" 
@D�> ��	N# ;�). �� � � F�% v�� 1�� 
@D�> +� ��

���@# ���� � ,"�� 	��L,AO��" 
� 
! ,��@�� �� �.��=>" �"�M�
 .��"� �8*(��	�J��
 

�� ;�). ,�@�� �&��� 	����/ ����/ +� ��
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����" ���� 
��!
������� ��� ���	�
���� ����� ���	�(Sadrzadeh and 

Bhattacharjee, 2013).

)�(
oadditive/w

additive/woadditive/w

MG
MGMGDSBC −

=

�J.� �"�	�.��=>" ��E@$ �"��M� 
�!�+���� ��� ����@���T���
@# ,���@��������@# ���E@$ �" ���*�!��# ������	 
����" �/���� �"���% �

����/	�� �&�� "� ,�@���# �*�"��# �� ;"�/�����/ �>��)	��� �&�
)T(�������c 

)�(additive/solventXDSBCT *=

�� 
!;�
X solvent/additive 7��� �*�"��# ,AO �� �.��=>" < !��"�� .�*��O

 �"��M� ����� �H�D �.��=>" �"�M� 
!T=0 � ���" �"��M� �*�)��T

;�). ,��@�� �*�)�� �&���� 	����/ ��"��	�#�. +�� �� ���" 
�� 
�!
���� '	��� ��"N�� ��J � �����@# ,��@�� ��/ ��� ���� �*�"���# .

7��� ,AO < !L�� "� �.��=>" �����/ ��� ;"��/Flory-Huggins 
) �� 1��?/Mondal and De, 2015(

)�(2
additivesolvent

1
additive/solvent )(

RT
VX δ−δ=

�� 
!;�
V1��� 7JO�� ,AOT����� ,��@��R.��C
 ����Q�� ����δ

�AO �*�"�����#���� �Hansen �����"������ 7���JO .�,A���ONMP 
��"��cm3/mol  jo/rt��".(Sadrzadeh and Bhattacharjee, 

2013).
�AO �*�"��#��Hansen "����SPEEK �NMP ,���
 ��\

+�� +�"� ;�). .�." 
�AO �*�"��#��Hansen "����@#��� "� ,A�O � ������� ;"��/

 
������	
-���� ���c )Mondal and De, 2015(

)�(2
h

2
p

2
dt δ+δ+δ=δ

��%$�2���AO �*�"��#Hansen �"��SPEEK �NMP 
Table 1. Hansen solubility parameters of SPEEK and 

NMP 

Solvent δd
(MPa)1/2

δp
(MPa)1/2

δh
(MPa)1/2

δt
(MPa)1/2

Ref 

SPEEK 59.23 10.93 5.1 60.44 (Sriroth et 
al., 2000) 

NMP 18 12.3 7.2 23 

(Rajasimm
an and 

Karthikeya
n, 2007) 

;� �� 
c 
δt�AO �*�"��#��Hansen �δd7��� � < !�. 1��������/	���
δp7��� -�W < !��δh� ��.�� ��.9������ ;��). "��K�� .�� ��

Van Krevelen ���
���?/ ����E ���AO �*�"����# 1��� �Hansen ����
 �*%��� +���� x���"���� +��H*��"�����.(Mohsenpour et al., 

2018) .
�L�L�P��@?� ����%�/ b���" ����)$ �%��PAI/SPEEK ��� :

 �����AOPAI �SPEEK ,A���O ��NMP ������ ����
���
��
 x��(@�7� ��/ �"�� ���Q ;���,�@�� �T�� ��� �(	� ���

 ���@# �E@$ �����D�� 
�� .��� ����/ �.�� �����)$ 
��C/ ���E �
 [?@?*� ���(�PEG400 
���@�� 
� +�HO ����/ [��T ;"� T,����

 s	�*. .�� +��=>" ����@#<��d# ��� X"�Q" �@-WPEG <	"=�>" ��
�� ;�). "� [?@?*� ����)$ �	"��! ���.(Mansourizadeh and 

Azad, 2014) . 
,��
�,�@�� 
*	��&(	� � v�!�/ ;��). "� ��� �(	� ����

�� ,��@�� ��� �(	� �" [-W .��� 
�� ��� ���-O ���E � ��C.� ��	"��

��� X�������W�
��M k|��� � ���>�� �"���W Y�.����"�*�� +�8*���� ��

� X�����T�� .�.�� ��"�C8. ����� F	"�� ���� �� 

��%$�2,�@�� 
*	��&(	� � v�!�/ ���PAI/SPEEK �"�� �%��

���%�/ b���" ����)$ 
Table 2. Composition and viscosity of PAI/SPEEK 

solutions for hollow fiber membrane fabrication 

Membrane
PAI/SPEEK 

ratio 
(wt%) 

PEG400 
(wt%) 

NMP 
(wt%)

Viscosity 
@ 25 ºC 

(cp) 
M1 100/0 3 80 7180 
M2 95/5 3 80 7320 
M3 85/15 3 80 7710 
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Y�)% ��� �(	� �� 	"�> Y�	 F��/ ���%�/ b���" ����)$L
,��
 �� ��� (	� 7*(�� ����*�"��# .�� 
*%�� ��P���;�).

+�� +�"� 
�� ����%�/ b����" ����)$ .�." X������ b��~ �� ���
�� �"�W ��M� bNO ���)$ �" �.��=>" � ,AO �"��� �/ �.��� �.��� .


�� F���� �"��� �� ;�� Y)% �" [-W ���)$ X�����
�M�W� ��
�� �� 
P�$ l��% ,�.�/" Y�)% 1��O ��C.� ����!��m �" �/ �.��

.��� �����@
 ;�� 

��%$�2� (	� F	"�����%�/ b���" ����)$ �� 
Table 3. Spinning parameters for hollow fiber 

membrane fabrication 

Parameter Value 
Dope extrusion flowrate (ml/min)  2.0 

Bore fluid flow rate (ml/min)  0.6 
Bore fluid composition (NMP/H2O) 

(wt%)  
70/30 

Spinneret o.d/i.d. (mm/mm)  0.7/0.3 
Air gap distance (cm)  1.0 

Spinning dope temperature (◦C)  25 
External coagulant (water) temperature 

(◦C)  
25 

*Jet-stretch ratio 1.0 
* The ratio of collection drum velocity to the dope extrusion velocity 

�L�L�/ �(/"+�"��." ��� :;9���*�. ��	"� �;9���*�. ��	"�"�/ ����
�� �P�@?� ���%�/ b���" ����)$ 
�.��� F���*� +�"�." ;"�/ ����


��� �	�)$ ,�9�� .�� 1��?/ "� ���)$ ���� [?@?/ � ���� �"
�� � ;�"� �"�W �� ��� �
�� b���" ��T ,��P���*.��� ��*� ;���

� ;9��*�. ��� .�� 
�C/ 
��� 
��� +���)> ,�9�� 
*��# ;��� � ����
;�	�
 �� ���)$ ���/ ��(W �" +�� K�"�/ ��� ;�	�
 ���-O s �

+�"�." ;���D �� ���� �" ,�9��� 
*��# �� ��)> .���KPa 100 ��/
KPa 300 +��� �� ���KPa 40 �� <	"=>" ;"=��� ���)> �� �� .���	

�� ���� +�"�." b���" �
��% f�� x��" �� ;9��*�. �	"�"�/ .����
"�." 7*(�� �@! ���.+�[&� �� ���� �	"�"�/ �����.��" +��� 


�.��� 1*>��� ��E. �� �� 
."�*��" �" f��� 
*���# �� [&�� �"
 x���" ��� ��	"�"�/ ���� ;"=��� ���)$ �
��% X5����� � ,=	��#


� 1���. ) ��" �	� X��DAjdar et al., 2019(

P
LRT8

r
)

M
RT8(

RTL3
r2

J
p

2
p5.0

p

p
A

ε
µ

+
π

ε
=

)�(PPKJ 00A +=

Fig. 1. Overview of nitrogen permeability system of 
hollow fiber membranes 

45��2���%�/ b���" ����)$ ;9��*�. �	"�"�/ 7*(�� �@! ���. 

�� 
! ;� 
JA"�"�/�	v(O�� ���(mol/m2 s pa) �rp�Lp
� /�/�e��� v

� N>� � ,�P � N>� �R�O"� �� �Q(m) �ε� f�� [?@?/R���Q
.�C
����q\j/u�O"� ��(J/mol K) �M��&��� ;����� ���

 �O"�(Kg/mol) �T������� �O"� ��K)� (P�� F��*� ��)>
�O"�(Pa)  .��" 


����� 
� 

�/ ��p�"���. 7�� �� �JA�F���*� ���)> v�(O��
���-� �" ��T �" ;"�/�(K0)� ��vP0)"�"�/ F�% ( ��	 ��
����
���	+��HO +�"��." F���*� k|� � ������������ [�?@?/ �R�Q

����N�>� � ,��P 
�� �-(.ε lp��� "����� ;"��/ X5����� ��	�
�?/��� 1

)�(µ
πµ

= )RT8)(
K
P(33.5r 5.0

0

0
p

)�(
2
p

0

p r
RTP8

L
µ

=
ε

;���� ����?/ ��)> �	 �))! :�&�*��" � v�����)$��"��b�
��%�/�P�@?����
����� ���E ��.��&� �����M��&�.��� :��J."

�
+�"��." ��E � �������)>�?/ ��	. ���)> v�
*���# ;��� ;9���*
�)$ ,�9���	"�"�/ �(/ 
��)��	�����
��/	������ ��� s�KPa 

ph "=>"	+�"� <�� ���Q ��)> �� ,�9�� .��
X��� p
�M�W� ����Q
���/ �/ �.����$ ��+�E* �� "��
 X�� ��	"�"�/ ;��	.���� [D�O

"�"�/ 
].� m�	� ���
.�C��. ��P�"=>"	<	�! �" ���� 
*�"� <�	1
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;�). ��)> �?/ ��)> +� ��	v��" �?/ ,�9��� ;��! ��� �� 
! �	 v
/ ���)$0�	������.�&� :�&�*�" �(/ �� .�&����*�"��#�,����

	���# 
�M. �� <)! � �.�����)$��"���%�/ b��<)! ��. �� 

mm/min�� F��/	+�8*�� YInstron5564  "+�"�. ������.��� .

.��. ���,��P �� �)$ \h�*.��� ��*� "��� ��	�� F����+��H*��"
�.��@! [?@?/ .�� �)$mɛ
� ��(M/ N�>� � 7�JO ;"� T�7�JO ��� 7

@!�;�� K�� �� �)$ J ��+�"��." �������(."��+��� 
-����� 
*
��" .(Hosseini and Mansourizadeh, 2017) .

�"�� �)$ ;���
.��. Y)% Y�)% �� "� �� ���� ���/ 1�!�
\hp 

�� x���(@� ��
X��� q�T��� �� �"��W�����K�� ��� .7
+�"�." ����(."��� 
*�@! [?@?/ 

�� ;"�/�
-���� "���c 

)�(100]1[(%)
p

f
m *

ρ
ρ

−=ε


! ;� �� 
ρf (g/cm3)�����%�/ b�����" 
*���(."�����" �ρp (g/cm3)
*���(."�

 ���@#� *(� .ρf
� �� 
-���� �	� X��D ��� 

)�(
L)dd(

w4
2
i

2
0

f −π
=ρ

;� �� 
c 
wb���" ;���L�b���" ,�Pd0�di
� �
��% � �@%"� ��W v�/�/
"���%�/ b���� *(�
� l��% �� ��� �(/ . ;"=��� ������ ��E �

+�"�." � ���)$ ����)> ��	"�"�/ ���� � �&�������� ����M� ����
�� � ;�"� �"�W �� �	�)$ ,�9�� .�� :�J." �;���! ��� ��b����"

 ,���
 �� ;� X��I?)� 
�! ��� �����/ �	�)$�+��� +�"� ;��).
.��" 

,�9�� 
*��# ����)> �(/ �� ����Q ��)> ��/ �	�)$KPa 

��� ��" 
� �	"�"�/ ��� X"����/ ���-Q ;���� �" �����/ X���D
���� ����� )Chakrabarty et al., 2008 ���(/ �" k��# �����)$ .(

;���� �"�� �"�	�# ��*%�� 
� ;���� � ����)> +��H*��" ����� ���
�.��;�). �(/ 1	" 'W"� �� . ���)$ ����)> ;�&�" +� ����" 
!

����M��� ;�). "� ���)$ �&�.�&� +�"�." �"�� .��� �� ���� ����
 ��/ ��)> l��%KPa  ��� ��� +�"� <	"=�>" ��	"�"�/ ���� � ����


� 
�� ��)$ b��P�� ���)> bA*�%" �" �����/ X��D ��	� X���D

-���� ����� 

)��(
tA

VJ
0

wi ∆
=

*


!;� �� 
JW �O"� �� �� ��� (L/m2h)  �V��� ����H. +��� '��
 �� 7�JO

 �O"�(L) �∆t) �O"� �� 
.��. ;���h� (A) ��O"� �� �)$ f��m2(
� *��(� ������M� 
��� �8*��(� +���� 
�H��I/ ,���I�� ������/ ;"=���� .

 "� l?�)� ������! �"�� �)$ ;��� v�� � 
! ��"� �)$ �&�������
�� ;�). �v�(O�� l���% �� ���� F�% v��� �" +��H*��" ��� .��

�� ��)> bA*%" ��� "� ��)$ Y�������� ����M� ;"�/ 
������ ��	�

� ) ���� ���Arthanareeswaran et al., 2004(

)��(
wi

m J
TMPR =

�L�L
�HI/���� =���.� � �*H. ��(# 
� :���)$ ��"N� �@!���P
 ���8��)	5�# '	� ��D ���"���M� 
��� �� �����	� 7*��(�� ����E �

Y % ��� b�I� �� 	"�> � +�  ! 7�JO �����/ ;� 
�J�*. 
�! �.���
 �*H. ��(# ���	���"��(# �� �H. �E@$ . �/ ���8)	5�# ��� 

���� �@�� �*�� �� :�� ��� =��. ) ����Luo et al., 2015 1�	" �� .(

�-� ��(# <��d# ��E@$ �� �*H. +�� ���� ���� ��@�� �� :���

 �*��;��=>" ���:�� � �H.��:�� 
� �.�*&>������*�� 
��C/ ��
��" +�� (Luo et al., 2015) . 

�� �"���	�# ;����(���"L7��� ����/ ���H. ��� ���� �����Q ;�� 
rpm 5000 
�X����T�� 
�.��" +��� ��� 

��%$�2��	�)$ ;���"�*@�>"�*��" �(/ �"�� �	�)$ ,�9�� X�I?) 
Table 4. Characteristics of the membrane  

module for ultrafiltration experiment 

Characteristics Value
Module inner diameter (mm) 14 

Module length (mm) 300 
Effective fiber length (mm) 200 
Fiber outer diameter (mm) 0.65 
Fiber inner diameter (mm) 0.40 

No. of fibers 20 
Packing density (mm2/mm3) 0.265 
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[&��;��). "� �	��)$ ;����"�*@�>"�*��" 7*�(�� ��@! ����.
�� ���� ��(/ 
���)� �	��)$ ,�9��� �" .��� l���% �� ��	"�"�/

 ;����"�*@�>"�*��" �����)> ��(/ �" k�# .��" +�� +��H*�" ��L
*%" �� ���H.����)> bA���� ��� G"����% ;���	�
 X���� � ���
v���/�/ 

KPa ��� �ml/min ��� :�J."��.
�� 
*��# �� '	�� ;�	�
 X�� �^!"�O �"�H*�" ,�9� ���� +�� ��� �

/������ ;"=�� ��� �� �H. ��"N��f)$��� �����O 
��� [W"��.���
H. �E@$�% �� ��;��	�
 � G"�� ��� �*��*>��*&|��" +�8*��� UV 

,����PerkinElmer,Lamda-35 +�"���." ���� ������ �"���� .������
*�" ����E@$����.���� ;�����(���" ��"�L����H. �N���
 �"������.

��λmax=270 nm 
���" +��� ���.(Ge et al., 2017) 
<	����� a�@*?� [�O"�� �� ��E@$ 1���/ �"�� �"���. 1	" �"

�� +��H*�" ����"�
 k# ;"=�� .��� �� �H. �.�
����� �	� �
���
�� �	� 

)��(100)
c
c

1((%)R
f

p *−=

;� �� 
c 
Cp�Cf
� ;�). v�/�/ �" +��� K�"��/ ;�	�
 �� �H. �E@$ +� ��

 v(O�� G"��% ;�	�
 �� � �)$�@�� :����.� *(� �*�� 

Fig. 2. Schematic of the ultrafiltration set-up 
45��2�	�)$ ;���"�*@�>"�*��" 7*(�� �@! ���. 

������ �P���@?� �����%�/ b�����" ������)$ ������ ��"N���
PAI/SPEEK 
� �� ���� ����	��� �-�(. ;���� ���\+��� =����.�

��" 

)��(100
J

J(%)FRR
Wi

WUF *=

;� �� 
c 
Jwi  v(O��(L/m2 h) ��. ��)$ l��% �� ��� ���" �JwUF  

v(O��(L/m2 h) �� 	"�> �� +��� +��H*��" ���)$ l��% �� ���
�� ;�����"�*@�>"�*��"L����)> �� ���H. KPa ��� ����" �" k��# .

 �� ;����5�!��� ��� +��� +��H*��" ���)$ ;���"�*@�>"�*��" �(/
 ;��	�
 X�� �� ��M� ml/min��� ���)> �KPa ��� ��
*���#

 ���� +�"� ���)*(� �	���)$ ,�9���� l����% �� ����� k|��� � �����
+�"�." �� ���� ���.


� ��/ ��E ������ 7�(.�&� 1<���! ����)$ ����� ��"N��
 
�� �	"�"�/ ��� ;����"�*@�>"�*��" X���@�T ;���� �" �����/ X���D

 ) ����" +���� 7�����/Bowen et al., 1995
��� .( �� ���@! ����P
 ���Q ���)> ��� ;���"�*@�> ,��� �
�.��� �"��(." ���� ��� ��)$ ����

���� 
� ��"N��[&�� *(� [���! �"�(." ,�� (a�" :�,��� (�

.��� �"�(."���"�.�*�" �"�(." ,�� (��Y��! 
	5 [�&)/ ,�� (�

)Peng and Tremblay, 2008 �� �"�� ��% +�� +��� X5���� .(

� ,�� �	� X��D� *(� 

)��(tK)J(Ln)J(Ln .comp0 *−=

)\p(tK
J
1

J
1

.int
0

*+=

)��(tK
J
1

J
1

.st2/1
0

2/1 *+=

)��(tK
J
1

J
1

c2
0

2 *+=

�C.� �� 
c 
J�J0
�� ;���� �� ��	"�"�/ ���� v��/�/ t  
����" ��	"�"�/ ���� �

.�� *(�Kcopm., Kint., Kst. Kc  B�	"��Q v��� �������� �� ���


1 Flux Recovery Ratio (FRR) 
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,���� �"���(." ������ *��(� 7���� ���� �"���(." F���"�� x����" ���� .
X��-T ���ln (J),(1/J), (1/J1/2), (1/J2);���� v(O�� t  ����%

 v��� ��� ���M*�(� ���� Kcopm., Kint., Kst, Kc  �" ���T �

���"��-� )
J
1( 2
0

�)
J

1( 2/1
0

�)
J
1(
0

�)J(Ln 0
�� ��� ���� .�� 	� ���

+�"� ��% ;���"��� �� ,�� �� �"�� �� 7� v	�B ;"�/ �8*�(� R2


� "� ,�� �� �"�� �� �C.� 
(	�M� �� 
! ���� ��� l?)� �"�(." ,
�� .��� 
�L�L����*!"���� Y��	 :+��H*���" ������ �	���)$ ����*!"���� 7*��(��

 ���(# ;=�?� � ���"��� ;=?� 
EH�� [��� �-.�
 e�. �" �	�)$
 �H. +�  !���" �"�� 
! �*H.OSEII ��E@$ ��� ;� �� a�@*?� ����

 �"�W ���>'	��/ ��	�)$ ,�9�� �� 7*�(�� ���"�� �"�� "�� +�  !
 �� ���# Y	 ��)$ �" <�&� ���J	" �"� ���" ���*!"���� �" ����� .


� �-.�
 �	�)$ [&�� <��d# 1	" �� 
*>� ��!�+��� +�"� <	���.
.��" 

'	��� ��� 
.�%��! �" �*H. ��(#rhh )NGL 900 ;"���(]� (
 ,���
 �� +��H*��" ����� ��*H. ���(# X�I?)� .�� 
�C/p+���� 

.��" 
�"� ��*!"���� 7*(�� ;=?� 
� ��(# "�*�" ���7*�(�� k|� �

Y	 ���"�� ��# �� ��� ;���� �� � ��� X���H*� �����������
T����#���(# ����*�"�� COD)�Oil-water �TSS�pH�DO �

Fig. 3. Scheme of lateral membrane bioreactor used  
in this study 

45��2
� �-.�
 �	�)$ ��*!"���� �" �	��� 1	" �� 
*>� ��!<��d# 

(NTU +�"�." ���� 7�(�.���"��&�� ���� 
�@O�� �� .��� OSEII  ���
�E@$ 
>��B" ���(# 
�� X��H*� ��� ��� <	����� +������ �����

 ����)> �� 
��P���� bar�;����� �:���J." a��@*?� ��������>�� �
+�"�." 
P���� ����*�"��# ���� l?)� 
 �C� F	"�� � �� ��k# .


�� �C� �" � ���*H. ����(# ������� b�����" ������)$ �" 
�� �C� F	"���� �
+�"� ��-T ���%�/ +�"�." ��(# a@*?� ����*�"��# � �� ���� ��.

�2678 � 9.�:; 
�L�L����� ,��@�� �&��� 	����/ ��*>� � ���> 
� :"���	� ����

 ,��* ! ��� ����%�/ b���" ��)$ ��*%�� � �"�P �M�MO �� :����@#
%�� � 	"�> 1�O ���> ����"�
 �T���� l?)� ���	�� .�.���

 ������	��c ��� �����@# ,��@�� 
�� ,AO���$ ;��=�>" 
�! ��."�/
 ��� ��� ���*%�� ����/ �� 
! ��� <	"=>" "� ���> ����"�
 �T��

+�HO <�M. ��=�� �*)8."� � ��� 
�� �	"=�� ��"�.(Yeow et al., 

2003) . 
1��	" ��<��d��# ���.�� �-��(. ���Q"PAI/SPEEK ,���@�� ��
 �� ����@#+�"�." �� ���> 
� :"���	� ������ ;��� ����" ��M. ����

 [&� �� s	�*. � ���;�)..��" +�� +�"� 
�� +���)� �"�M� ;��=>" �� ���SPEEK � ���> �"���.
����

�� �!�O ,AO ���@# ���� ;�). 
! � ! ���AO��$ ��D�% +� ��
SPEEK ���� � +����� ,���@�� �� "� �����> ������"�
 �T���� ���."�/

>"�� 1	"��� � .��� <	"= �*)�� �"�M� ;��=>" �� �H� ;"�/SPEEK 
,���@�� ;���� �����" �"���� ����*�! �� ;"=���� ������@# ,���@�� 
���

 [&�� 
�� 

�/ �� .��" ���. ����@#�����Q ��E@$ ������D��
.������@# ���M� ���,�@�� ;�� ���" �"�� ���.���� �� �"� ��� ��� 

�-(.��� ��/�����/���"PAI/SPEEK 
��� ��"�� v�/�/��
�/���/���" ��� ;��). F	"��� 1�	" . �*�)�� ;��=�>" 
�! ����

SPEEK �*�)�� ��"��	�#�. 
�� � +��� ,A�O X���W <���! ST��
&��� 	����/�@�� ��J � ,��.��" +�� ��"�� U�! �������"�	�# �

��%$<2X�I?)� ��(# �*H. ���� +��H*�" 
Table 5. Specifics of oil effluent used 

Sample COD
(mg/L)

Oil-water Tss
(mg/L)

pH DO
(mg/L)

NTU
(mg/L)

MLSS
(mg/L)

MVLSS
(mg/L)

Primary 
effluent 4803 1635 467 7.3 3.8 405 4600 2898 
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Fig. 4. Effect of PAI/SPEEK ratio on ternary phase 
diagram of polymer/solvent– additive/water system at 25 
◦C: ( ) PAI/SPEEK 100.0, ( ) PAI/SPEEK 95.5 and ( ) 

PAI/SPEEK 85.15 

45��2�-(. �Q"PAI/SPEEK ���@# ���> 
� :"���	� ��L,AOL

���� �� ��op

�� :x��(@� ( ) ,PAI/SPEEK 100.0 (   ) 

PAI/SPEEK 85.15 �PAI/SPEEK 95.5 ( ) 

*�"��# ,�@�� �&��� 	����/ ) ,��@�� �&���� 	����/ �>��)�# �T(
,��
 �� s	�*. � +�� 
-�����+�"� ;�). .��" +�� 

�-�(. ;��=�>" ��� PAI/SPEEK  ��/ ,��@�� ���/�������/
[��W �� �C
�/ MG  ���. +���)� 
�� �"��M� 1�	" ;��=�>" ���" .����
��/���" �&���� 	����/ �>��)�# �*�"���# �	�� <	"=>" 
� �J �
�/��
���+�� ;�). 
! ��" �� ��)$ '	��� ;��� ����
 +�� ��

 ����> �����"�
 � 	"�> 1�O ���" ��� ���E*." ����O 1�	" �� . ���
+�HO �� [?@?*� ���(� �	���)$ �.�� ����/ ��=� �*)8."� � ���.

�L�L����� ����@# �������PAI-SPEEK
� : �@!��P ������ 
��@?� �/�"�O ��*>� K��� ����@# ���DSC �� � ���� �"�� v

��@?� ������� ����� ����" [&�� .������"���.DSC �"���
�P�@?� ����)$PAI/SPEEK �� ;�). "� .��� 

��%$=2,�@�� �&��� 	����/ X�I?)� ���%�/ b���" ��� (	� ��� 
Table 6. Thermodynamic characteristics of  

the spinning solutions 

Membrane MG DSBC 
(%) δNMP/SPEEK XNMP/SPEEK T

M1 1.5 0 - - - 
M2 1.3 13.3 60.4 1.48 19.7 
M3 0.8 46.6 60.4 1.48 69 

Fig. 5. Differential scanning calorimetry curves for 
blend PAI/SPEEK membranes 

45�<2� � � ���DSC �P�@?� ����)$PAI/SPEEK 

;��� �� +�	� [&� �" 
! ��P ���@?� �"��� ��� ��� �����@# �

)�� ,�M*." ���� Y	 �C / +�� ����/ +���)� �"��;�). 
! +�� ��

 ���@?� ������� �����@# ���� PAI/SPEEK  �-�(. ��/\p/up
��" v��� � ����%�/ b����" �����)$ �%�� �"�� 
! ���" ��	�� .

,�@�� 
! �%�� ;�).�P�% � ����/ ����@# ����+��-�(. �� ����
 X�� �"�� [W"�O X��H*����y��� � ��.��� �"��	�# �
��O�. 
�.��
 +���)� ,�@�� �� ���>���).+��� ��)$ . PAI �"�M� Tg  ���"�� 

otp x���(@� 
�
�� ��M� ��� 
�! �"� ;��).�"��@-W +��� K�"=��
7��� ��"� �����% �."���% (Wang et al., 2007) . <	"=��>" ����

 �"��M�SPEEK  �"��M� ,��@�� �� Tg  .�"� ;��). <���! ��"��M�
/ �P�@?� ��)$ �-�(. ��� +��� 
��C PAI/SPEEK  ���"��\p/up

�"�M� Tg V�-	�M/ opo x��(@� 

�� ��� 
J�*. �� .�"� ;�). ;"��/
 �-��(. ���/ +���� ������/ ������@# ������)$ 
��! ���H�\p/up�"

PAI/SPEEK ����" 1��&�� ����" ���.�"� ;���). �����% ���������
�-��(. �� � +���� ����������. 
��� ���J � �����@# �� 1��	" �*��)�� �����

���"���.�DSC �"�� �"�M� �� Tg  ���~���.
qLqL&�����&�� =�����.��#�b�����" ������)$ ���)��� ���.��*&�"

:���%�/ &���&�� �	��I/�P�@?� ����%�/ b����" ����)$ �# ��� �
���/��[&� �� +��t+�� +�"� ;�). ��".

����%�/ b���" ����)$ �-	�M/ �
��% ��Wtp/p��@�� � ��*�
 ��@%"� ��W ��C.� j/h��@�� ��*� ���" �	��C. ��*%��� ��M�MO �� .

� 
! ����@# ����)$
�� 
�C/ ���> ����"�
 K�� �� F��/ �.�� 

0

0.5

1

1.5

2

2.5

3

100 150 200 250 300 350

H
ea

tf
lo

w
(M

w
/m

g)

Temp. (C)

PAI/SPEEK 100.0

PAI/SPEEK 95.5

PAI/SPEEK 85.15



78 L#�(�� � M9N� +!��
� ���!� ��	��D +2)� ... dx.doi.org/10.22093/wwj.2021.259417.3083 

11

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

�����
���� ����� ����� Vol. 32, No. 4, 2021 

Fig. 6. FESEM micrographs of PAI-SPEEK hollow fiber membranes: 1) PAI/SPEEK 100.0, 2) PAI/SPEEK 95.5, 3) 
PAI/SPEEK 85.15, A and B) cross section, C) outer surface, D) inner surface, E) outer layer and F) inner layer 

45�=2&���&�� �	��I/��P�@?� ���%�/ b���" ����)$ �#PAI/SPEEK +�� ����/ PAI/SPEEK 100/0, (1�PAI/SPEEK 95.5 (2�

(3PAI/SPEEK 85.15�A�B�B�T '�M� f�� (C(�
��% f��D(�@%"� f��E�
��% 
	5 (F"� 
	5 (�@% 

���� ,���* ! �&�*� ���� � �&����� 	����/ ���Q" �"���	�#�. F	"���� .�����
 +��HO ��� ���� ���*%��� [�&�)/ S�T�� ,��@�� �&��� 	����/ ����

�� �*)8."� � 5��� 
*	��&�(	� ��� ����@# ,�@�� 
! ���O �� ���
�� (�&�*� �� �Q")��� [�&)/ �J H�" ���*%�� �."�/.(Wang et 

al., 2007) .
+���)� �� �� +�	� ���)$ '�M� f�� �	��I/ <	"=>" �� 
! ���

�-��(. PAI/SPEEK +���HO f���� �" ����*��=� �*��)8."� � �����

� �
��% ���� �)$ ���?B ��� ��.��c ,��@�� 
�! �	��J.� �" .

 �-��(. ���� +���� ������/\p/up�"PAI/SPEEK  �"���M� 1	�*��)��
�"� ;�). "� �&��� 	����/ �>�)�# �*�"��#����� ��H� ;"��/ 1�	"

 � +���� v���$ ,��@�� �&�*� ��� ��Q" ��� �&���� 	����/ ��Q" ���O
+�HO �� ��� ���*%�� �� .���" +��� [�&�)/ ��=� �*)8."� � ���

<��d# ��� +��HO �� 
��)� ��*%�� 
*�N� ��=�� �*�)8."� � ����
 �P��@?� �����)$ �"���PAI  ��� SPEEK  ���" +��� K�"=�� 

(Fontananova et al., 2006).P�% �	�� ����)$ 
! �%�� ;�).�
 ��*%��� 
� �-(. ��*)�� [?@?/ �"�M� ��� ��*%�� �� ��"� �J H��"

 ��� ;��). ����"�
 � 	"�> �� ��*�! :�
 ,�M*." ����M� �.�� ��
 ���)��d# �����	"��@> ;��@� 	� �@# ����)$ ��\��� l?�)�

 ;��=>" �� 
!q�D�� ,��@�� 
�� Y	�H�(> ����" ,AO���$ ��.��
�� ����@# � �*�)�� [�?@?/ ����)$ 
! �� ����/ �*)8."� � ���*%

���.��=>" 
��� �-��(. ����*�! ������M� ;���). �� � ,����(�@� �����
�.�"�(Bowen et al., 2005)  . 

�� +���)� [&� �" �-�(. ��� +�� ����/ ��)$ 
! ���\p/up
7�?B ���� 
*��# �"�"� ����)$ ��8	� 
�� �-�(. ��/ ���" ��� .

 ,��
 
� 

�/���� +�	� �"��M� <	"=�>" ��� 
�! ���� SPEEK  
��
�� <	"=>" ,�@�� 
*	��&(	� ;"=�� ����@# ,�@�� ��" 1	" 
! ���	

���."�/��� �J � ��
����" [�O"�� �� �)$ ;�� ���
 �T�� <��! 

7�?B 
*��# � +�� ���> ����"�
 � 	"�> ����/ ���� �/ �� c �� .

. �T�� <��! ST�� ,�@�� 
*	��&(	� <	"=>" 'W"� �" ,AO ��H
 :���O �" �� ���H. �T��� <��! 1� ]�� � ��M�." :��O 
� ,�@��

M�."��� ����@# ,�@�� 
� �� ���� 1� ]�� .���/�6O �H� ;"�����

1 Poly Vinilidine Floride (PVDF) 
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��%$>2�P�@?� ���%�/ b���" ����)$ X�I?)�PAI/SPEEK 
Table 7. Characteristics of PAI-SPEEK hollow fiber membranes 

Characteristic M1 M2 M3 
N2 permeance @ 100 kPa (GPU) 96.4 85.6 40.9 

Mean pore size (nm) 12 30 81 
Effective surface porosity (ε/lp) (m-1) 39.2 15.7 1.94 

Water contact angle (◦) 74.3±1.14 68.3±1.52 58.18±3.82 
Overall porosity (%) 73 74 79 

Collapsing pressure (kPa) 850 750 700 
Pure water flux @ 400 kPa (L/m2 h) 15.8 27.5 39.6 

Hydraulic resistance (Rm) (m2 h kPa/L) 23.5 15.6 10.4 
Flux recovery ratio (FRR) (%) 75.8 83.6 92.4 

�� ���.��=>" ������ SPEEK ,A��O ,����-/ �"���� :�5 ;�����L
�� <	"=>" "� ,AO��$ ��� 
�! ��� �J � ��."�/ 
*���# [&�)/ 
�� �

7�?�B ���� ���� ��/(Khayet et al., 2002)  . �C���)� ��*%���
 
�� +�� 
.�H��� ;�H��� �/" �@# ��)$ �"�� ����)$ 
�! ���� ����

7�?B ���� 
*��# �*)8."� � 
	5�	� � �/� *�"�.(Song et al., 

2016) .
�" �J H��" 
�	5 Y�	 
�! ���" l?�)� �@%"� f�� �	��I/

 ��" +�� [�&)/
� 
! ��� �" ���> ����"�
 �T�� <��! [���
 b���" ���/��" �" .�,��@�� 
�! �	��J.�h��D�� ,A�O ��.�� 

NMP 
��� �T���� <����! ����" +���� +��H*���" +���HO ,����� ;"��� T
 � ��@%"� f��� 
*���# bNO ST�� ���/ ��� �" ���> ����"�


 �J H�" 
	5 [�&)/���@%"� ���� 
*��# bNO 'W"� �� .��" +
S�T�� ����� <	"=�>" �� � +��� ��)$ :��
 ,��M*." �����M� <���!

+��T <M. �	"�"�/ ��"� �".

qLjL�P��@?� ����%�/ b���" ����)$ X�I?)�PAI/SPEEK :
 ����%�/ b����" �����)$ ��*%��� ���-C� <��d�# 1�	" �@D" b��

 �P�@?�PAI-SPEEK ���(# 
�H�I/ �"��� �� $�� � ��*H. ����
��" �-(. ����/ �� .PAI/SPEEK �,�@�� �����)$ �����@# ���

���
;������ ���� � �.���� ������/ �����> ������"�
 K�� a��@*?� �����

I?)� ,��
 �� s	�*. 
! �.�� ���	���" +���.

qLpL"�"�/�	.�����)$ ;9���* :"�"�/ ��(/ :��J." ��� �	��������
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Table 8. Mechanical strength of PAI-SPEEK hollow 
fiber membranes 

Membrane Young’s modulus 
(MPa) 

Strain at break 
(%) 

M1 229.1±7.0 38.8±0.7 
M2 217.2±6.5 40.5±1.8 
M3 181.6±9.2 29.2±1.4 

Fig. 8. Water contact angle vs. contact time of the PAI-
SPEEK hollow fiber membranes 
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��%$@2,�� ����*�"��# 
.��� �"�(." ��� ���%�/ b���" ����)$ �"�� ���� ���PAI-SPEEK 
Table 9. Parameters of various fouling mechanisms for blend hollow fiber membranes PAI-SPEEK 

Membrane Complete blocking Intermediate blocking Standard blocking Cake filtration 

R2 ln(J0) Kcomp.×10-3 R2 1/J0 Kint. ×10-3 R2 1/J0
1/2 Kst. ×10-3 R2 1/J0

2 Kc×10-5

M1 0.925 2.65 1.6 0.948 0.7 0.1 0.938 0.26 0.2 0.962 0.005 2
M2 0.877 3.26 1.2 0.904 0.04 0.05 0.890 0.19 0.1 0.927 0.0014 0.5 
M3 0.912 3.6 9.8 0.928 0.03 0.02 0.920 0.17 0.07 0.942 0.0008 0.1 
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Fig. 10. Pure water flux as a function of TMP for the 
blend PAI-SPEEK hollow fiber membranes 
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Fig. 11. Oil rejection of the blend PAI-SPEEK 
membranes as a function of operating time 
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��%$ ��2����)$ ��&@�T 
� ����� s	�*. b���" ;��� �� ���%�/ ��)> � a@*?� ���bar o

�"�� 
�HI/ ��(# ��� �� �*H. +��H*�" �"�>"� 	 ��*!"���� �	�)$ 
Table 10. Results related to the performance of hollow fiber membranes at different times and 

pressure 2 bar for the treatment of oil effluents using membrane bioreactor process 

Feed IN

Time

pH NTU TSS
(mg/L) 

Oil/water COD
(mg/L) 

DO
(mg/L) 

MLSS
(g/L) 

MLVSS
(g/L) 

6.7 77 76 36 145 1.8 7.7 3.4
5 6.8 4 7 8 9 1.7 3 1.2

%R - 94.8 90.7 77.7 93.7 - 61.03 64.7
45 6.7 3 6 7 8 1.9 2.5 0.9

%R - 96.1 92.1 80.5 94.9 - 67.5 70.5
75 6.7 3 6 5 5 1.8 2 0.9

%R - 96.1 92.1 86.1 96.5 - 74 70.5
120 6.8 2 5 5 3 1.9 2 0.85
%R - 97.4 93.4 86.1 97.9 - 74 70.58
180 6.8 2 3 3 2 2.1 1.8 0.8
%R - 97.4 96 91.6 98.6 - 76.6 70.65

��%$ ��2����)$ ��&@�T 
� ����� s	�*. b���" �"�� a@*?� �����)> �� ���%�/ 
�HI/ ��(# ��� �� �*H. +��H*�" �"� 	"�> ��*!"���� �	�)$ 
Table 11. Results related to the performance of hollow fiber membranes at different pressures 

for the treatment of oil effluents using the membrane bioreactor process 

Feed IN

P (bar) 

pH NTU TSS
(mg/L) 

Oil/water COD
(mg/L) 

DO
(mg/L) 

MLSS
(g/L) 

MLVSS
(g/L) 

6.7 77 76 36 145 1.8 7.7 3.4 
6.7 6.9 2.3 2 2.5 3 2 1.3 0.83 
6.9  97 97.3 93 97.9 - 83.11 70.60 

6.8 1.7 1.3 1.9 2 1.8 1 0.7 
6.8  97.7 98.2 94.7 98.6 - 87 72 

6.9 1.1 0.9 1.2 1 2.1 0.8 0.57 
6.9  98.5 98.6 96.6 99.3 - 87.1 75 
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