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ABSTRACT

Oily wastewater from oil refineries and oil distribution centers is one of the most important environ-
mental concerns in recent decades; therefore, it is critical to treat these types of wastewaters. In this
study, the performance of three different polyethersulfone hollow fiber membranes in synthetic oily
wastewater treatment has been investigated, and the effects of operating conditions such as trans-
membrane pressure, oil concentration in the feed and feed cross flow velocity (CFV) on the membrane
performance were studied. Increasing the pressure makes more membrane compactness and higher
membrane fouling; therefore, higher pressure reduces the membrane performance. The optimum
operating conditions for oily wastewaters separation are: P = 1 bar, low feed concentration (300 ppm)
and high feed CFV (0.18 m s™). In this study, membrane #M1 with the mean pore size of 8.29 nm,
membrane porosity of 77%, permeation flux of 12.4 (L m™ hr) and 100% oil rejection presented the
best performance in treating synthetic oily wastewaters.

Keywords: Synthetic oily wastewater; Polyethersulfone (PES) hollow fiber membrane; Environmental

pollution; Membrane cleaning

1. Introduction

Due to theimpact of oily wastewaters on the environment,
the wastewaters from oil refineries and oil distribution cen-
ters should be treated before discharging to sewage [1].
Depending on the geographical conditions and characteristics
of oily wastewater, there are varieties of standards in differ-
ent countries, e.g., in Malaysia the maximum limit is 10 ppm
while in the United States of America, it is 40 ppm [2]. The
traditional methods for treatment of oily wastewater such as
gravity separation and skimming, dissolved air flotation, de-
emulsification, coagulation and flocculation are not effective
in removing the oil droplets and emulsions. These methods
have several disadvantages such as low efficiency, high oper-
ating costs, corrosion and recontamination of treated stream.
Furthermore, these processes are effective when the size of oil
droplet in the oil-in-water emulsion is between 20 and 150 pm.
All of these disadvantages promoted the development of new
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processes for treatment of oily wastewaters especially when
the size of oil droplet is small [3].

Different kinds of membrane-based processes such as
ultrafiltration (UF), nanofiltration (NF) and reverse osmo-
sis (RO) have been effectively used for oil/water separation.
Membrane-based filtration processes are playing a major
role in oily wastewater separation, due to their advantages
such as no need to chemical additives to break the emulsion,
high chemical oxygen demand (COD) removal efficiency and
smaller equipments [1]. Because of its suitable pore size and
its capability in removing emulsified oil droplets without any
de-emulsification processes and, furthermore, low operating
pressure, which reduces the energy consumption, UF pro-
cess has been verified as an efficient method for treatment
of oil-in-water emulsions [4]. Pressure-driven UF process is
widely used for separation, purification and concentration of
dispersed materials in liquids.

A number of researches have been focused on the
application of UF and microfiltration (MF) membranes
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in oily wastewater, where oil droplets are retained by the
membrane and the continuous phase permeates [5-10].
Lipp et al. reported that since the oil droplets are deformable
and depending on the applied pressure, the oil droplets can
be squeezed through the pores and contaminate the perme-
ate [11]. Nazzal and Wiesner found that if the transmembrane
pressure (TMP) is below the critical value, the oil rejection
could be maximized [12]. Hlavacek reported that the porous
structure of membrane could promote coalescence of micron-
size and submicron-size oil droplets into larger ones that can
easily be separated by gravity. In this study, the membrane
acts as a coalescer rather than as a separator [13]. Mueller
et al. investigated the application of ceramic and polymeric
MF membranes in treating synthetic oil-in-water emulsion,
containing 250-1,000 ppm heavy crude oil with a diameter
of 1-10 um, and reported that the membranes produce water
with oil content less than 6 ppm [14]. Kong and Li investi-
gated the effects of feed flow rate, operating pressure, mem-
brane pore size and porosity on the separation of oil-in-water
emulsions by flat sheet hydrophobic polyvinylidene fluoride
(PVDF) membranes [15].

Most of the researches on the application of polyether-
sulfone (PES) membrane in synthetic oily wastewater have
been devoted to flat sheet membranes. The objective of this
study is the application of PES hollow fiber membranes in
synthetic oily wastewater and investigation on the effect of
operating parameters such as TMP, feed concentration and
feed cross flow velocity (CFV) on the performance of mem-
branes. The membrane performance is characterized in terms
of pure water flux (PWF), permeate flux (PF) and percentage
of oil rejection (%R).

2. Experimental setup
2.1. Preparation of spinning solutions

PES was purchased from Arkema Inc. (USA) and was dried
at 70°C overnight before dissolution in solvent. N-Methyl-
2-pyrrolidone (NMP; CAS No. 872-50-4) with a purity of
99.5 wt% was purchased from Merck (Germany) and was
used as solvent without further purification. A predetermined
amount of PES was dissolved in NMP at 70°C under gentle mix-
ing to make the PES solution with desired concentration. The
compositions of the spinning solutions are presented in Table 1.

2.2. Preparation of hollow fiber membrane

Dry jet-wet spinning technique was used for fabrication
of the membranes. The spinning solution was delivered to
the annulus of a tube-in-orifice spinneret at constant flow
rate while water as the bore fluid was sent to the inner tube

Table 1
The compositions of the polymer solutions

Solution ~ PES Solvent Solution viscosity
No. (Wt%) (Wt%) (centipoise)

#M1 17 83 285.6

#M2 19 81 505.5

#M3 21 79 802.1

of the spinneret. After leaving the spinneret and passing
through the air gap, the nascent fiber entered the coagula-
tion bath (tap water) to complete the phase inversion process.
The wet spun fibers were immersed in water for several days
to remove the residual solvent and then dried naturally by
hanging vertically at room temperature. The spinning condi-
tions are listed in Table 2.

2.3. Materials

Commercial grade gas oil from NIORDC (Iran), dish-
washing detergent and deionized water (with a conductivity
of 2.9 uS cm™) were used for making the oil-in-water emul-
sion. The detergent was used to make the oil-in-water emul-
sion with higher stability. Ethylenediaminetetraaceticacid
(EDTA) and sodium dodecyl sulfate (SDS) were used for
preparation of the solution for membrane cleaning.

2.4. Membrane characterization

Asymmetric porous membranes were characterized in
terms of membrane porosity and mean pore size where the
membrane porosity (¢) was defined as the volume of the
pores divided by the total volume of the porous membrane.
The method for determination of membrane porosity, which
is related to the membrane structure, was reported elsewhere
[16]. Pure water permeation test was used for determination
of membrane mean pore size [17].

Furthermore, the contact angle of water with the mem-
brane surface is a criterion for surface hydrophilicity that
affects on the permeance and fouling characteristics of
membrane, and is measured by the sessile drop technique
using contact angle goniometer (model G1, Kriiss GmbH,
Hamburg, Germany). At least ten points on the surface of
membrane were used for contact angle measurement, and
the results were averaged.

To measure the membrane porosity, some hollow fibers
were immersed for a few days in methanol and water, respec-
tively, to completely wet the membranes. Then, the weight of
wet membranes was measured by a balance. Afterward, the
free water on the surface of fibers was removed by a tissue,
and the water in the lumen side of the fibers was discharged
through blowing air for a short period of time. Then, the
fibers were dried at 45°C for 12 h, and the weight of dried
membranes was measured. The membrane porosity was
calculated by using Eq. (1):

Table 2
Hollow fiber spinning conditions

Air gap (cm) 1
Water
Room temperature

External coagulant
Bore fluid temperature

External coagulant temperature Room temperature
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where w, is the weight of wet membrane (g); w, is the
weight of dry membrane (g); o, is the density of the poly-
mer (1.55 g cm™ for PES) and @ is the density of water
(1gem™).

The mean pore size of membrane (r, ), which is a repre-
sentative of pore size along the membrane thickness, was
measured by pure water permeation test. Pure water, with
a pressure of 1 bar, was sent to the shell side of membrane
module, and the flow rate of water, permeated through the
lumen side of the fibers, was measured. The mean pore size
of the membrane was calculated through Eq. (2) (Guerout—
Elford-Ferry equation):

. ’SleS\ZJ 1.75¢) @

where 1 is the water viscosity (8.9 x 10 Pa s); I is the mem-
brane thickness (m); AP is the operating pressure (0.1 MPa);
Q is the flow rate of the permeated water (m?®s™) and A is the
effective area of the membrane (m?).

2.5. Preparation of oil-in-water emulsion

Gas oil, dishwashing detergent and deionized water
were mixed severely by mechanical stirrer (rpm = 2,500) for
5 min to make a stable oil-in-water emulsion. The concentra-
tion of oil was changed in the UF experiments (300, 600 and
900 ppm) whereas the concentration of detergent was con-
stant (100 ppm).

2.6. Cross flow UF experiments

The schematic of the UF system and the membrane
module are shown in Fig. 1 where the prepared oil-in-water
emulsion as the feed solution is sent to the shell side of the
UF module and the permeate is collected via the lumen side.
The feed flow rate is controlled by the valve at the exit of the
liquid. The permeation flux () and oil rejection (R) are calcu-
lated through Egs. (3) and (4):

_Q
J== ®)
CP
R=(1-Z5)x100 @)
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where Q is the volume of the permeate (m®); A is the effective
area of the membrane (m?); ¢ is the time for collection of per-
meate (s); C, is the concentration of the oil in the permeate
and C, is the concentration of the oil in the feed.

The range of operating conditions for UF experiments are
summarized in Table 3 for each membrane.

During the experiments, no separation of oil from water
was observed in the feed solution; in other words, the
feed solutions were stable. The concentration of gas oil in
water was analyzed by UV-VIS spectrophotometer (model:
ChromTech) at 200 nm.
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Fig. 1. (a) Schematic of cross flow ultrafiltration system: M =
membrane module, T = feed tank, P = pump, PI = pressure indi-
cator, and TI=temperature indicator, and (b) membrane module.

Table 3
The range of operating conditions in UF experiments
Membrane Gas oil concentration Pressure = Temperature
(ppm) (bar) O
M1 300, 600, 900 1,23 27
M2 300, 600, 900 1,2,3 27
M3 300, 600, 900 1 27

2.7. Cleaning of the fouled hollow fiber membranes

Due to the membrane fouling, the permeation flux
decreases with time during the filtration process. The mem-
brane cleaning procedure was obtained experimentally and
was carried out between each run through the following steps:

Step 1: Washing the membranes by the cleaning solution
(EDTA + SDS + water) at 45°C for 20 min. The clean-
ing solution enters to the shell side of the membrane
module and exits from the lumen side.

Step 2: Washing the membranes by pure water at 50°C for
30 min.

Step 3: Washing the membranes in reverse direction (back-
washing) by the cleaning solution (EDTA + SDS +
water) at 45°C for 30 min.

Step 4: Backwashing the membranes by pure water at 50°C
for 30 min.

The temperature of the cleaning solutions was increased
to enhance the cleaning performance.
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Table 4

The characteristics tests results of the fabricated PES hollow fiber membranes

Membrane Water contact Mean pore Membrane Inner Outer

No. angle radius (nm) porosity (%) diameter (mm) diameter (mm)
M1 77.13+£1.28 8.29 77 0.55 0.75

M2 82.17 +1.98 7.43 75 0.5 0.75

M3 83.16 +1.96 6.70 71 0.5 0.80

2.8. Scanning electron microscopy (SEM) test

SEM was used to observe the structure of membrane
cross section. The fiber was broken in liquid nitrogen to
make a smooth surface and then platinum (Pt) sputtered. The
micrographs were taken by SEM (TM 3000, Hitachi (Japan))
with magnifications of 500 (cross section) and 5,000 (surface).

3. Results and discussion
3.1. Membrane characteristics

The characteristics tests results of the fabricated mem-
branes are presented in Table 4 where increasing the poly-
mer concentration in the spinning solution decreases the
mean pore size of the membrane that is a rational conclu-
sion. Furthermore, the porosity of the fabricated membranes
reduced by increasing the polymer concentration. In addi-
tion, the contact angle of the membrane with water increases
with polymer concentration; it should be mentioned that the
contact angle of the membrane depends on different surface
properties of membrane such as pore size and pore size dis-
tribution, surface roughness, surface hydrophobicity etc.;
the smaller the pore size, the higher the contact angle.

The SEM micrographs of the outer surface and cross
section for the fabricated membranes are presented in Fig. 2
where all membranes show skin layers on both inner and
outer surfaces and fingerlike macrovoids, originating from
inner and outer surfaces and extending to the middle of
membrane cross section. This structure is related to the low
viscosity of polymer solution and strong internal and exter-
nal coagulants (water) that accelerate the phase inversion
process [18].

3.2. The effect of operating pressure on the permeation flux

The plots of permeation flux (in terms of L m™ hr™) vs.
CFV at different pressures for membrane #M1 are presented
in Fig. 3 where increasing the pressure enhances the flux but
the flux decreases with increasing the concentration of the oil
in the feed. Similar trends were observed for the other two
membranes. The higher oil concentration makes more resis-
tance for water to pass through the membrane and reduces
the permeation flux while higher pressure provides more
driving force and improves the permeation rate.

The flux increases with the pressure as it is the driving
force in UF process but the increase is not exactly linear that
can be related to the additional transfer resistances such as
adsorption of oil droplets on the surface of the membrane
and the effect of concentration polarization [19].

On the other hand, membrane fouling increases with
the operating pressure. Higher pressure increases the

compactness of oil layer on the surface of the membrane,
which enhances the fouling of membrane. Furthermore,
at higher pressure, the oil droplets are pushed into the
membrane pores, which promotes the fouling. Therefore,
increasing the pressure has negative effect on the permeation
flux. In Fig. 4, the pressure normalized permeation fluxes of
membrane #M2 (in terms of L m™ h™ bar™) are plotted vs.
CFV at different feed concentration, which shows the decline
in flux as the pressure increases that can be related to con-
centration polarization effect and pore blockage [20]. The
same trends were observed for the other two membranes.
Furthermore, the permeation flux of membrane #M1 is the
highest that can be related to the higher porosity and bigger
mean pore size of this membrane.

At higher pressure, there is more collision between emul-
sified oil droplets, which in turn breaks the film between the
oil droplet and water, causing oil droplets to coalesce and
form larger droplets. A layer containing large oil droplets
starts to form just above the membrane surface, which, in
turn, may be compressed on the membrane surface at higher
pressure and leading to more membrane fouling [10]. This
phenomenon reduces the flux.

The permeation flux vs. time for the fabricated mem-
branes is presented in Fig. 5 where the permeation flux is
leveled off for all the membranes after a specific time that
is related to stabilization of the fouling process. The total
membrane resistance consists of two main parts: pore block-
age and concentration polarization. In the early stages of
the filtration process, oil droplets precipitate in the pores of
membrane and cause the decrease in the permeation flux.
After stabilization the pore blockage phenomenon, the con-
centration polarization, which is related to the settling of the
oil droplets on the surface of membrane, has the major role in
the flux reduction [21]. It is interesting that the bigger the pore
size of the membrane, the higher the pore blockage effect.

3.3. Effect of feed CFV on the permeation flux

The effect of feed CFV on the permeation flux of the fabri-
cated membranes is shown in Fig. 6 where the flux increases
with CFV that is related to the higher turbulency on the
surface of the membrane (the Reynolds number increases
from 100 to 2,200), which reduces the precipitation of the oil
droplets on the surface of the membrane and, furthermore,
decreases the effect of concentration polarization.

3.4. The effect of operating conditions on the gas oil rejection

Generally, membrane with bigger pore size has lower
separation performance in the synthetic oily wastewater sep-
aration process. The oil rejection of the fabricated membranes
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Fig. 2. SEM micrographs of the fabricated membranes: (a) cross section and (b) outer surface.

at the optimum pressure (P = 1 bar), oil concentration of
900 ppm and at different feed cross flow velocities are pre-
sented in Table 5. The same trends were observed at oil
concentration of 300 and 600 ppm. Increasing the feed CFV
enhances the mass transfer coefficient in the concentration
boundary layer on the membrane surface and may decrease
the rejection. All of the fabricated membranes show complete
separation of oil from water that is related to the smaller
membrane pore size compared with the size of the oil drop-
lets. Furthermore, the skin layers on the inner and outer
surfaces of membrane reduce the transport of the oil droplets
through the membrane pores and enhance the oil rejection.
Based on the European standards, the maximum oil con-
tent in the treated oily wastewater is 5 ppm [22]; therefore,

the fabricated PES membranes are suitable candidates for
treatment of synthetic oily wastewater.

The reduction in permeation flux and enhancement in
the oil rejection with increasing the oil concentration in the
feed is a rational conclusion due to the effect of concentra-
tion polarization and formation of the oil cake on the mem-
brane surface, which acts as a barrier for the permeation and
as a pre-filter for the oil separation; these phenomena were
reported in other studies. Furthermore, since the oil droplets
are not rigid (deformable), they can be deformed at higher
pressure and enter the membrane’s pores, reducing the oil
rejection even though the flux increases. In this study, the
oil rejection is 100% at all investigated operating conditions
because of the small pore size of the fabricated membranes.
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Fig. 3. The effect of operating pressure on the permeation flux
of membrane #M1; oil concentration in the feed: (a) 300 ppm, (b)
600 ppm, and (c) 900 ppm.

3.5. The flux recovery of hollow fiber membranes after membrane
cleaning

After each UF experiment, the membrane was cleaned, and
the flux recovery of the membrane is calculated through Eq. (5):

Flux recovery (%) = ;—fxloo (5)

w

where |, is the water permeation flux of membrane after clean-
ing (L m? h™), and ] is the water permeation flux of fresh
membrane (L m™? h™). The flux recovery of the fabricated
membranes at different operating conditions is shown in
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Fig. 4. The effect of operating pressure on the normalized perme-
ation flux of membrane #M2 (in terms of L m= h™! bar™); oil con-
centration in the feed: (a) 300 ppm, (b) 600 ppm, and (c) 900 ppm.

Fig. 7 where the smaller the membrane pore size or the higher
the operating pressure of UF experiment, the less the flux
recovery. Smaller membrane pore size promotes the irrevers-
ible fouling of the membrane and reduces the recovery. Fur-
thermore, higher operating pressure during UF experiment
may push the oil droplets into the pores and making irrevers-
ible fouling in the pore or on the surface of the membrane [23].

3.6. The membrane fouling analysis

The long-term performance of the fabricated membranes
in terms of permeation flux is shown in Fig. 8 where the
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membranes showed stable operation after rapid decline in
the flux during the initial 100 min operation.

The decline in the permeation flux is related to the fouling
phenomenon during operation that is attributed to the adsorp-
tion of oil droplets in the pores of membrane, the concentra-
tion polarization effect and the accumulation of oil droplets on
the surface of the membrane. Furthermore, the membrane has
an intrinsic resistance against the permeation that is related to
the structure of the membrane and is measured through pure
water permeation test, as shown in Eq. (6):

R, =20 )
Ty

where R is the intrinsic resistance of the membrane (m™);
AP is the TMP (Pa); J 18 the water permeation flux of fresh
membrane (m® m= s™) and u is the viscosity of the permeate
(that is the water viscosity, 8.9 x 10~ Pa.s) [24]. Furthermore,
the resistances related to the concentration polarization phe-
nomenon (R ), cake formation on the surface of membrane
(R) and the adsorption of oil particles (R ) can be measured
through the procedure described elsewhere [6,25-27]. After
long-term UF experiment, the membranes were flushed with
water for 10 min, and then, the pure water permeation rate
was measured (/). After that, the membrane was cleaned
chemically for 10 min, and then, the pure water permeation
flux was measured (/). The resistances were calculated
through Egs. (7)-(9):
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Fig. 6. The effect of feed cross flow velocity (CFV) on the perme-
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where | _is the permeation flux of the membrane at the end
of UF experiment. The calculated resistances are presented in
Fig. 9 where the smaller the membrane pore size, the higher
the intrinsic resistance of the membrane. Deformation of oil
droplets, coagulation of oil droplets and making larger one
and compaction affect on the resistance of cake layer. Fur-
thermore, due to the entrance of oil droplets into the mem-
brane pores, cake layer forms on the surface of the pore
walls. After stabilization of the pore blockage phenomenon,
the concentration polarization is created on the membrane
surface [28,29].
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Table 5
The oil rejection of PES membranes at different feed cross flow velocity (CFV); P =1 bar, oil concentration in the feed: 900 ppm
Membrane #M1 Membrane #M2 Membrane #M3
CFV (m/s) Rejection (%) CFV (m/s) Rejection (%) CFV (m/s) Rejection (%)
0.18 100 0.19 100 0.19 100
0.14 100 0.08 100 0.11 100
0.10 100 0.06 100 0.10 100
0.06 100 0.04 100 0.05 100
0.01 100 0.01 100 0.02 100
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Fig. 7. The flux recovery of the fabricated membranes at different
operating conditions.
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Fig. 8. The plot of permeation flux of the fabricated membrane
vs. time, P =1 bar, oil concentration in feed = 300 ppm.

4. Conclusions

In this study, the treatment of oily wastewaters by PES
hollow fiber membranes through a cross flow UF system was
investigated. The effects of membrane pore size on the per-
meation flux, oil rejection and flux recovery have been inves-
tigated. Furthermore, the effects of TMP, feed CFV and feed
concentration on the membrane performance were studied.

Fig. 9. The various resistances for the fabricated membranes:
R, =intrinsicresistance, R =concentration polarization resistance,
R_= cake layer resistance, and R = adsorption resistance.

The conclusions are as follows:

® The permeation flux increases with the TMP but due to
the existence of other resistances such as adsorption of
oil on the membrane surface and the concentration polar-
ization effect, the flux doesn’t increase linearly with pres-
sure. Considering the flux, oil rejection and membrane
fouling, the optimum TMP is 1 bar.

e The membrane porosity, mean pore size and the struc-
ture of the membrane sublayer have major role on the
permeation flux, flux deterioration and membrane foul-
ing. The flux of membrane #M1 is the highest that can be
related to the higher porosity and larger mean pore size
of this membrane.

e Permeation flux decreases with the oil concentration
in the feed and increases with CFV that the latter one
is related to the higher turbulency on the surface of
the membrane, which reduces the precipitation of oil
droplets on the surface of membrane and, furthermore,
decreases the effect of concentration polarization. In this
study, all of the PES hollow fiber membranes effectively
separate the oil from water.

® Membrane with bigger pore size shows higher flux recov-
ery after membrane cleaning that is related to less irre-
versible fouling in the membrane pores or on the surface
of the membrane.
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