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1. Produced Water

2. Gravity Separation

3. Skimming

4. Dissolved Air Flotation
5. De-emulsification

6. Coagulation

7. Flocculation

8. Membrane Fouling

9. Primary Treatment

10. Reverse Osmosis (RO)
11. Nano Filtration (NF)
12. Forward Osmosis (FO)
13. Membrane Distillation (MD)
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1. Gravity Driven Membrane (GDM)
2. Ultrafiltration (UF)

3. Thin Film Composite Membrane
4. Chemical Oxygen Demand (COD)
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1. PolyEtherSulfone (PES)

2. M-Phenylene Diamine (MPD)

3. Trimesoyl Chloride (TMC)

4. DimethylAcetamide(DMAc)

5. Xylene

6. Non-Woven Polyester

7. Response Surface Methodology

8. Central Composite Design

9. Non Solvent Induced Phase Separation
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Introduction

In oil and gas production activities, large amounts of
water are injected into the reservoir to neutralize the
underground pressure and achieve ahighrecovery level.
When this liquid returns to the surface, it is enriched
with valuable hydrocarbons and is called "produced
water" [1]. Global generation of produced water is
estimated at 250 million barrels per day, which has a
rising trend [2,3]. This stream contains various organic
and inorganic compounds in varying concentrations,
which requires complex, cost-effective, flexible and
low-consumption design of facilities to separate oil
and obtain water with suitable quality [4]. In the case
of water management, membrane-based processes are
very promising [5]. The amount of oxygen demanded
by the chemicals in the waste water is the amount of
oxygen required for the oxidation of the oxidizable
materials in it and is a good indicator for determining
the pollution quantity of waste water [6].

Materials and Methods

Initially, by applying Design Expert software (model
7.1.6) and statistical method of response surface
methodology and central composite design, number
and arrangement of membranes by placing the values
of input variables as the concentration of polyether
sulfone polymer in the range of 10 to 20 wt.%, the
concentration of silica nanoparticles in the range of 0
to 4 wt.% and at pressures of 10 to 30 bar, they were

Accepted: October/24/2020

designed as 5 levels. In this study, in order to increase
the strength of the membrane, polyester sheets were
used as the first layer and polyether sulfone membranes
(second layer) were prepared by the non-solvent
induced phase separation method by immersion in
distilled water. Initially, polyether sulfone polymer
with a molecular weight of 58000 g/mol was placed
in an oven at 80 °C for 4 h to remove moisture. Then
dimethylacetamide (DMAc) as a solvent with a
molecular mass of 87.12 g/mol was poured into the
glass jars and to improve the membrane performance,
the silica nanoparticles with a particle size of 21 nm was
added and the jars were placed in an ultrasonic device
for 60 min, to completely disperse the nanoparticles
into the solvent. Then the required amount of polyether
sulfone was poured into the glasses and placed on a
magnetic stirrer at the ambient temperature for 24 h to
obtain a completely clear and homogeneous solution.
The resulting solution was rested for 16 h and then
spread on a polyester sheet and immediately placed
in the bath. They were immersed in the non-solvent
distilled water. After coagulation,



the membranes were transferred to the second water
bath for 24 h to obtain the desired appearance and re-
move most of the polymer solvent in the water. Then
the membranes were dried. To create the polyamide
layer (third layer), two solutions were prepared; first
m-phenylenediamine (MPD) with a molecular mass of
108.1 g/mol was solved in distilled water with the
concentration of 1 wt% and the second solution was
a solution of 0.1 wt% trimesoyl chloride (TMC) with
a molecular mass of 265.48 g/mol in normal hexane
solvent (molecular mass of 86.18 g/mol). Afterwards
both solutions were placed on a magnetic stirrer for
one hour to dissolve completely. Then, in a dark room,
the surface of the prepared membranes was soaked by
pouring an aqueous solution containing MPD for 2 min
and then an organic solution containing TMC for 1 min
into the mold. Finally, the membranes were washed
with normal hexane and placed in an oven at 80 °C for
10 min to complete the polymerization and membrane
fabrication process. In this research, a mixture of 10
mL of xylene with a molecular mass of 106.16 g/mol
in 1 L of distilled water was used to make a synthetic

Fig. 1 SEM image of the membrane cross section
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feed solution as produced water. In order to evaluate
the performance of the prepared membranes, reverse
osmosis separation system was used at different pres-
sures and temperatures of 20 °C [7-9].

Results and Discussion

According to SEM images, it was observed that the
membrane consists of three layers, polyether sulfone
(middle layer, Fig. 1) has finger like porosity and the
polyamide layer, which is responsible for the main
separation, is a dense layer and has an uneven surface
morphology (surface layer, Fig. 2).

In the optimum conditions with concentration of 10.05
wt.% polyether sulfone polymer, 2.09 wt.% silica
nanoparticles and the operating pressure of 10 bar, the
laboratory results for the separation percentage and the
amount of COD in the permeated stream were 98.65%
and 30 ppm, respectively, which is even better than
the waste water discharge to surface water standards.
Table 1 compares the results of this study with the
work of some researchers.

4 % YAl

SEM HV: 20.0 kV
View field: 7.99 ym

SEM MAG: 23.7 kx VDatE(m!dfy}: 05/26/19

Fig. 2 SEM image of the membrane surface area.

Table 1 Comparison of the results of this study with the work of some researchers.

Process Removal of CODY. Permeation Flux L/(m? h) Reference
Reverse Osmosis 66.64 22 [10]
Reverse Osmosis 94 12.7 [6]
Reverse Osmosis 84.3 9.4 [6]

Membrane Bioreactor 96 85 [11]
Reverse Osmosis 98.65 39.11 Present Study

Conclusions

According to 3D diagrams, with decreasing weight
percentage of the polymer, the flux increases due to
the increased porosity of the polyether sulfone layer. In
membranes with a low weight percentage of polymer,

with increasing weight percentage of nanoparticles,
the flux increases due to the improvement of the hy-
drophilicity of the membrane. The effect of pressure
on the flux is quite noticeable and as the pressure in-
creases, the driving force for diffusion increases and as
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a result the flux increases. Also, according to these
diagrams, with increasing the weight percentage of
polymer, the porosity and density of the membrane de-
creases and the separation percentage increases. As the
weight percentage of nanoparticles increases to about
2%, due to the increase in membrane hydrophilicity,
the separation percentage also increases. But with in-
creasing pressure, the driving force increases and as a
result the separation percentage decreases.
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