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Abstract  
Considering the challenges faced and emphases being put in the last two decades on 
the water consumption at Esfahan Oil Refining Company (EORC), substantial efforts 
were made on its optimization and recovery of effluent from various unit operations. 
The effluent re-use from the Reverse Osmosis (RO) unit, collected at the evaporating 
pools was considered in this research, using membrane distillation, as a modern 
desalination approach to recover water. In this study, RSM modelling was employed for 
optimization and prediction of membrane distillation operating conditions on the 
brackish effluent output from the RO unit at EORC. Tests were carried out on a flat 
module with 80cm2 effective surface area using micro porous commercial PTFE 
membranes based on PP. Effects of three parameters of feed temperature, and flow rate 
as well as permeate temperature on the permeate flux were investigated using the 
Design Expert software. Software modelling results indicated that feed temperature had 
the largest influence in increasing the permeate flux (almost twice the effect of permeate 
temperature and feed flow rate). The maximum optimized permeate flux in the test 
range investigated was 59.67 L/m2h with 0.9570 desirability at feed temperature of 
70°C, permeate temperature of 15°C and feed flow rate of 2L/min. This research 
showed that direct contact membrane distillation (DCMD) could successfully be 
employed for water recovery from the RO outlet effluent at EORC. Optimization of 
operating condition at Esfahan climatic condition can be achieved using software 
modelling.  

Keywords: Membrane Distillation, RSM, Polytetrafluoroethylene, Optimization, Reverse 
Osmosis. 
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Table 1. Specification of RO brackish water 

Parameters Units Value 
pH - 7.25 
TDS mg/L 4700 
Conductivity µs/cm 8400 
Total hardness mg/L 3200 
Total alkalinity mg/L 100 
Chlorides mg/L 780 
Calcium mg/L 1940 
Magnesium mg/L 1260 
Sodium mg/L 1020 
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Table 2. Characteristics of commercial membrane 

Item Unit Value
Membrane - PTFE 
Substrate - PP 
Pore Size (µm) 0.45 
Thickness (µm) 180±10 
Bubble point in IPA (MPA) 0.08-0.14 
Air Perm (m3/m2.h) 500-800 
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48��/>�B�	) G(�U�8ODCMD 
Fig. 1. Schematic flow chart of DCMD set up 
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��0Q �/&V��� ��� 1X�� G�+�I� 
Table 3. Levels and symbols of independent variables 

B/T56 � U9�AD 

B/*/�0� :b��V�RSM 

T-�7|>��-� � (��DCMD �14 - �� \� T��� f�	�� >�� ��1�
�� M�I� �( .��) >)�) �� M�I� T-�7 ��� - �� \�  �)�V� .1� ���) 

1 Coefficient of determination (R-Squared) 
2 Adjusted R-Squared 

Factor Symbol 
Actual value of 

coded level 
-1 0 1

Feed Temperature (℃) 1X 50 60 70 
Permeate temperature 
(℃) 2X 15 25 35 

Feed Flow Rate 
(L/min) 3X 1 1.5 2 
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�14  �)�V� T�� f	�� >�� ��1�SR -:�)%� q��?��.)(�) )�7 
�2)�@� () >�� �� ��� 1X�� !�<  � >��-� � (��|�t�(� =	� >�� 

)y(321w X22.1X52.0X54.044.5J +−+=

�2)�@�|�� �@"�- ��� 1X�� s�	� �  �
 G(�' ���� ��� )�� 

)}(

fpfw T12177.0T052399.0Q07701.116705.2J +−+−=

��0QE/�14  �)�V� - �� \�  �)�V� � f	�� >�� ��1� T�SR 
Table 4. Actual and predicted value of SR model 

Run Actual value Predicted value 

1 19.06 17.72 
2 30.13 29.48 
3 42.69 44.22 
4 14.19 13.62 
5 25 24.11 
6 40.56 37.45 
7 8.88 9.99 
8 19.25 19.18 
9 29.75 31.36 
10 22.06 22.56 
11 30.94 35.64 
12 51.5 51.70 
13 20.56 17.89 
14 27.56 29.59 
15 42 44.36 
16 14.13 13.69 
17 25.94 24.21 
18 36.94 37.70 
19 27.81 27.98 
20 41.88 42.38 
21 63 59.75 
22 24.69 22.75 
23 33.69 35.76 
24 52.69 51.84 
25 14.88 17.98 
26 31.75 29.81 
27 46.69 44.62 

B/./�� 4,
53cD�9� 

6���B�I���
� G����I�  � (�3D 1HR� ���(����O �\�	(���5� �� �
 ����(�- %12���)ANOVA ( T��� �(��� ���(�1@� - �� E�\��SR 

T-�7 ()}.���� �t�(� 
M�� �� �C<;� �� (�Q )��$}/$p< -�w/{z}=F.��� ��

 ��� .=�	� ����� � T��� M)�� (�)��@�  B��I� >���-� � (��� 6��(���5
4�1>)�) �� �)��
 q��?�� >�� ��1� 6M�  �� >-;�5 .)(�) �� \� ���

$}/$p< ��� M��I� &V���� ���� 1X�� �� �� ����(����O ��� ���)
���� T���� (�)����@� G(����5 =����2-� !��1� � 
� �����1X62X-3X.
.1��1@� !� �ZR2��I� ��'() !���<  ��� �����)%� M�%��1� >�����) M�

>)�) () - =�	� M�1�	 D( T��� ��� >��� N
� � ����� �� �� \� ���
>)�) b�V� .�O D (� " �B��BU 
� =	� ����
�� �"�- () ��� \� ���

 .M�1	 D( �2)�@� �� >�� &1�I� f, 0� Q��#{{/$=R26T�� ()
 
� �1� �� =	� M� 0 @�{{/�#
� �'() ��� K�	�4 ���� G� 11X�

�� TSR ��� 6=	� �17�� &��" ��� ��\��� () M�1�	 D( T��� ��(���5
�@� a;��� �(��� P�92�6���	 
� .=	� (�)R2.�Z >��� &���@�

���B�� 6T�� ��o��� )(-� � �����  1X��  � &V��� ��� 1X�� �� ��
��(�3B�  1HR�6��M��I� ����� (���V� .�����  �11X� ��'() >����)R2

>�� &��@��r/���'() M�I� �� )�� ��	�	� ��?��( )��7- >���)
.=	� K	�4 - �� 1X�� .1� 

&�� ()z������ - T��� ��� >��� ���	�9� >���-� � (��� K�	�4
>�� ����V� 6�� \� M�� .��� � (�Q��) ��� >���	�4 6)���)(-� � K

��0Q d/T�� ����(�- %12���SR 
Table 5. Variance analysis (ANOVA) of SR model 

Source Sum of
squares df Mean 

square
F

value
p-value

prob > F
Model 36.85 3 12.28 325.81 <0.0001 significant
X1-FFR 5.22 1 5.22 138.44 <0.0001
X2-PT 4.94 1 4.94 131.08 <0.0001
X3-FT 26.69 1 26.69 707.91 <0.0001
Residual 0.87 23 0.038
Cor Total 37.72 26
Std. Dev. 0.19 R-Squared= 0.977
Mean 5.44 Adj R-Squared= 0.974
C.V. % 3.57 Pred R-Squared= 0.9686
PRESS 1.19 Adeq Precision= 61.019
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Fig. 2. Bar diagram for comparison of empirical and 
estimated permeate flux 
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Fig. 4. Response plot of permeate flux vs. feed flow rate 
and feed temperature at constant permeate temperature 

48�g/�	 (�)�� - �)-(- ���4 ��) !�<  � >��-� � (�� ��@�

=��H >��-� � ���) () �)-(- ���4 ���) 

0

10

20

30

40

50

60

70

1 3 5 7 9 11 13 15 17 19 21 23 25 27

D
C

M
D

Pe
rm

ea
te

Fl
ux

(L
/m

2 .h
)

Run Number

Experimental Preidted (SR model)

1.00

1.25

1.50

1.75

2.00

15.00  
20.00  

25.00  
30.00  

35.00  

19  

25  

31  

37  

43  

J w
(L

/m
2 .h

)

Qf (L/min)

Tp (℃)

J w
(L

/m
2 .h

)

Ql(L/min) 



����U�	 � � �M@ ��6� dx.doi.org/10.22093/wwj. 2018.105519.2538 

24

����� � �� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 30, No. 3, 2019 

Fig.5. Response plot of permeate flux vs. permeate 
temperature and feed temperature at constant feed flow 
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��0Q i/>)-�9� () >��-� � (�� M�%1� - ���185 f�� � L/m2h|} ��L/m2h�$ 
Table 6. Operational conditions and permeate flux at 45 L/m2h to 60 L/m2h

Number 
Feed 
rate 

(L/min) 

Permeate 
temperature 

(℃)

Feed 
temperature 

(℃)

Permeate 
flux 

(L/m2h) 
Desirability 

1 1.16 15.96 69.88 45.66 1.00 

2 1.59 24.08 69.44 45.39 1.00 

3 1.90 15.26 64.08 47.41 1.00 

4 1.90 29.56 69.57 46.25 1.00 

5 1.86 16.34 66.42 49.94 1.00 

6 1.40 17.32 68.53 45.97 1.00 

7 1.27 17.02 69.57 46.00 1.00 

8 1.78 15.09 63.64 45.05 1.00 

9 1.92 20.89 65.22 45.50 1.00 

10 1.98 15.62 62.12 45.01 1.00 

11 1.65 23.87 69.57 46.68 1.00 

12 1.63 19.75 67.75 46.28 1.00 

13 1.70 16.09 69.77 53.57 1.00 

14 1.89 31.34 69.91 45.36 1.00 

15 2.00 15.00 70.00 59.68 1.00 

16 1.94 26.27 68.64 47.62 1.00 

17 1.88 27.26 67.95 45.01 1.00 

18 1.98 32.63 69.86 45.69 1.00 

19 1.43 21.92 69.73 45.13 1.00 

20 1.65 18.83 67.05 46.05 1.00 
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Table 7. Comparison between this research and other related research results 

References MD 
configuration

Membrane Model R2 Adj 
R2

Predicted 
optimize 

permeate flux 

Actual permeate 
flux 

Khayet et al., 
2007 DCMD 

TF200*

Quadratic 

0.994 0.988 3.021�10-6 m/s 2.897�10-6 m/s
TF450* 0.995 0.990 4.193�10-6 m/s 4.343�10-6 m/s
M12* 0.974 0.952 3.687�10-6 m/s 3.642�10-6 m/s

GVHP* 0.903 0.819 0.839�10-6 m/s 0.889�10-6 m/s
Boubakri et al., 

2014 DCMD PP Quadratic 0.989 0.979 4.362 L/m2h 4.192 L/m2h

Khayet et al., 
2012 SGMD TF450* Quadratic 0.947 0.916 2.846�10-3

kg/m2s
2.789�10-3

kg/m2s

Khayet and 
Cojocaru, 2012 AGMD 

PTFE 
supported 

by PP 
Quadratic 0.991 0.983 185.86 kg/kWh 188.70 kg/kWh 

This Study DCMD 
PTFE 

supported 
by PP 

Square 
Roots 0.977 0.974 59.68 L/m2h 63.0 L/m2h
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