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ABSTRACT

The performance of a polymeric membrane in an ultrafiltration system under the chosen
optimum conditions was studied. To achieve this, four real produced waters were dealt with.
To find the optimum conditions, Taguchi method was applied. Results showed that PAN350
membrane is a potential candidate for industrial applications for three feeds which contained
oil and total organic carbon (TOC) less than 1,500 and 300 ppm, respectively. The values of
oil/grease, total suspended solids, and turbidity rejections were approximately 100%.
Although TOC could not be entirely removed, the removal values for TOC were acceptable
in this study. For the fourth feed due to the values of oil and TOC which were more than
1500 and 300 ppm, the permeation flux approached zero after 10min. In the long-time experi-
ments, membrane permeability was equal to 37, 40, and 10 Lm�2 h�1 bar�1 for feed 1, feed 2,
and feed 3, respectively. Also, the mean of particles size distribution of permeates decreased
from 500 to 0.9 nm for feed 1, from 425 to 1.2 nm for feed 2, and from 1,225 to 1.1 nm for feed
3. Experimental calculations demonstrated that both cake layer formation and pore-blocking
mechanism affected the flux decline effectively during the process.

Keywords: Permeability; Polymeric membrane; Produced water; Rejection; Size distribution;
Ultrafiltration

1. Introduction

Oily wastewaters are mostly generated in
oil-refining processes [1]. Also, produced water is
generated in the petroleum industry as a by-product
of various processes in production and refinement [2].
Petroleum refineries attempt to reduce oil content in
water discharged into the sea [1]. Conventional
approaches to treat oily wastewaters include gravity

separation, API unit and skimming, dissolved air
flotation, de-emulsion coagulation, and flocculation.
The gravity separation process followed by skimming
is fairly effective to remove free oil from wastewater.
API unit has been widely accepted as an effective,
low cost, and primary treatment step. However, these
methods are not effective for removing smaller oil
droplets and emulsions. Dissolved air flotation process
uses air to increase the buoyancy of smaller oil
droplets for the enhancement of separation rate. The*Corresponding author.
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emulsified oil in the influent of dissolved air flotation
process is removed by de-emulsification with chemi-
cals, thermal energy or both. Dissolved air flotation
units typically employ chemicals to promote coagula-
tion and to increase flock size to facilitate separation
[3]. Membrane technology in wastewater treatment
has significant progress in recent years. There are four
filtration methods: microfiltration (MF) [4,5], ultrafil-
tration (UF) [5,6], nanofiltration (NF), and reverse
osmosis (RO) [2]. Membrane processes are widely
employed due to their success in reducing effluent
concentrations to as low as 5mg/L. Fouling is gener-
ally a problem in membrane processes, especially in a
filtration of produced water. This phenomenon is a
damaging appearance in the membrane process that
can make permeation flux decline as a result of the
degeneration of feed water quality [1]. A primary rea-
son for the flux decline during the initial period of a
membrane separation process is concentration polari-
zation of solute at the membrane surface. This can
occur in conjunction with irreversible fouling of the
membrane as well as reversible cake/gel layer forma-
tion [7]. Several methods have been developed in vari-
ous applications of UF to reduce concentration
polarization and membrane fouling [8–10].

Another significant agent in membrane process is
solutes rejection efficiency. A higher percentage of
rejections are desirable for researchers. Like mem-
brane fouling, the solutes rejections efficiency has been

the main focus of many studies. Li et al. [11]
employed a tubular UF module equipped with polyvi-
nylidene fluoride membranes modified by inorganic
nano-sized alumina particles to purify oily wastewater
from an oil field. They analyzed the quality of perme-
ation water after UF process using modified and
unmodified membranes at transmembrane pressure
(TMP) = 0.1MPa, temperature = 30˚C and flow veloc-
ity = 7.8m/s. These membranes resulted solutes rejec-
tions between 87.82 and 98.73%. The results indicate
that after UF treatment, oil content was below 1mg/
L, suspended solids content was below 1mg/L, and
solid particle median diameters were less than 2 lm.
The quality of the permeation water met the require-
ments by oilfield injection or drainage.

Experimental design is widely used for controlling
the effects of parameters in many processes in order to
avoid full factorial experiments which are time-
consuming and expensive [10]. Its usage decreases the
number of experiments, exploiting the time and the
material resources. Furthermore, the analysis per-
formed on the results is easily realized and experimen-
tal errors are minimized. Statistical method measures
the effects of change in operating variables and their
mutual interactions on process through experimental
design way. The three steps used in experimental
design included statistical design experiments, estima-
tion of coefficient through a mathematical model and
analysis of the model’s applicability [12].

Table 1
Some researches in which Taguchi approach has been employed to find the optimum conditions

Ref. System/feed Controlling parameters/levels Optimum conditions

[13] Nanofiltration/CIP waste water pH, temperature, and TMP/three
(low, medium, and high)

Temperature, TMP: first level

pH: second level

[15] Spiral-wound reverse osmosis
element/waste water from Exir
pharmaceutical Co

Pressure, temperature, and
concentrations of ions/three (low,
medium, and high)

- For highest flux:

Temperature, pressure: third level

Concentration: first level

- For highest rejection of ions:

Temperature, pressure: first level

Concentration: third level

[16] Ultrafiltration/waste water from
metal working

pH, oil concentration,
temperature, salt (NaCl, CaCl2),
feed velocity, and pressure./three
(low, medium, and high)

pH, temperature, pressure, flow velocity:
third level

Oil concentration, CaCl2: first level

[17] Ultrafiltration/kerosene-water
emulsion

Membrane type, TMP, oil
concentration, flow velocity, and
pH/three (low, medium, and
high)

Membrane type: C30F (second level)

Pressure: third level

Oil concentration: first level

[18] Hybrid UF/RO/outlet of the API
unit of Tehran refinery

Temperature, TMP, cross flow
velocity, and pH/three (low,
medium, and high)

pH, cross flow velocity: third level

Temperature, TMP: second level
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Taguchi method is a statistical technique intro-
duced by R.A. Fisher in England in the 1920s, which
is used for optimization. Taguchi method aims at find-
ing optimum process conditions with a minimized
sensitivity to noises. It is a type of fractional factorial
design which uses an orthogonal array to study the
influence of factors with fewer numbers of experi-
ments [13]. Tippett discovered orthogonal arrays in
1934; however, Taguchi simplified their usage by pro-
viding tabulated sets of standard orthogonal arrays
and corresponding linear graphs to fit specific pro-
jects. In Taguchi method, the experimental response
quality is expressed as the ratio of desired factor (sig-
nal) compared with uncountable factors (noise) [14].
In Table 1, some research in which Taguchi approach
has been applied to find the optimum conditions are
listed.

In this paper, the performance of PAN membrane
was experimentally studied in the UF treatment of
four real produced waters under optimum conditions
to meet the expectations of two of the desalination
units operating in Iran. The optimum conditions were
found using Taguchi approach. To study the perfor-
mance of the membrane under the optimum condi-
tions, the particles size distribution of all feeds was
measured after 4 h, which should be less than 100 nm
in solutes size as a demand of the desalination units.
Also, the values of rejection of turbidity, oil/grease,
total organic carbon (TOC), and total suspended solids
(TSS) were calculated after 4 h long experiments.

2. Materials and methods

2.1. Process feed

Different produced waters applied in the experi-
ments were generated in two of the desalination units
operating in Iran. These feeds are considered as feed
1, feed 2, feed 3, and feed 4. A detailed analysis of the
produced waters is represented in Table 2. The parti-
cle size distribution of feeds is illustrated in Fig. 1.

The ranges of particles size in the feeds; 190–810nm
for feed 1, 40–770 nm for feed 2, 450–2,000 nm for feed
3, and 700–1,500 nm for feed 4 prove the presence of
dissolved oils in feeds 1, 2, 3, and 4, and also the pres-
ence of emulsion in feeds 3 and 4 [19].

2.2. Membrane

In this study, a rectangular flat-sheet polymeric
membrane (PAN350) purchased from Sepro Co., USA,
was used. This membrane has a high hydrophilic fea-
ture and is formed from polyacrylonitrile. Its molecu-
lar weight cut-off is 20 kDa. PAN350 is formed from
two layers called top layer with 1 lm thickness, and
sublayer as support. Recommended operating limits
by company for PAN350 are as follows: pH range
(1.5–10.5), temperature range (0–100˚C), and pressure
range (1–10 bar).

2.3. Filtration section

Fig. 2(a) shows the UF module used in experimen-
tal setup. It was made of stainless steel with an
effective area of 66 cm2. This module has been

Table 2
Characterization of real produced waters employed in this study

Test Unit Test method Feed 1 Feed 2 Feed 3 Feed 4

TSS mg/L SM2540 D 115 111 96 44

TDS mg/L SM2540 C 64,941 57,197 159,160 65,816

COD mg/L as O2 SM5220 B 425 505 560 432

Oil-grease mg/L SM5520 C 51 16 816 1,925

Turbidity NTU SM1889 D 100 155 204 278

TOC mg/L SM5310 114 170 278 380

Fig. 1. Size distribution of particles for the all feeds.
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designed in such a way to allow the cross-flow
regime. This module is made up of two separate
parts, which are joined to each other by nuts and bolts
and completely sealed by an O-ring. As demonstrated,
the membrane is kept by a support which is located
between these two parts. The module has one inlet for
feed and two outlets, one for residual component over
the membrane (retentate) and the other one for out
flowing component (permeate).

Fig. 2(b) illustrates a schematic diagram of UF sys-
tem in this paper. The feed was pumped to the mod-
ule by using a centrifuge pump. Feed flow was
regulated using valves V1 and V2 and the pressure on
the membrane was adjusted by valve V3.

The feed flow was divided into two streams, one
is the concentrate which was formed from non-
passing components and was returned to the feed
tank, and the permeate flow containing the compo-
nents which passes through the membrane and
measured by a balance. The permeate flow, after
measurement was returned to the feed tank so as to
have a constant concentration of the feed. A cooling/
heating system was employed to detect the operating
temperature. All experiments were conducted in
concentration mode of filtration for 60min in a
cross-flow operation.

2.4. Scanning electron microscopy

The membrane fouling on the pores and the
surface of membrane was observed with a scanning
electron microscope (SEM). The SEM was operated
with maximum voltage of 30 kV (model: XL30, Philips
company).

2.5. Particle size distribution measurement

To measure the particle size distribution of emulsi-
fied oil droplets in the sample by light scattering
method, the LLS instrument (SEMA-633) was used.
The measurement range of this instrument is from 0.4
to 10,000 nm.

2.6. Experimental design based on Taguchi method

Taguchi method aims at finding the optimum
operating conditions with a minimized sensitivity to
noises. Taguchi method is based on several steps
including planning the experimental matrix, conduct-
ing the experiments, use of signal-to-noise (S/N)
ratios to evaluate the results, analysis of variance,
selecting the optimum levels of factors, verifying the
optimum process parameters through the verification
step of the confidence interval [10,20].

Fig. 2. (a) UF module and (b) diagram of UF experimental setup.
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Taguchi method employs fractional factorial exper-
imental designs and orthogonal arrays to decrease the
number of experiments based on the number of con-
trol factors and their levels. The first step for planning
of the experimental matrix in the Taguchi method is
to determine the number of factors that need to be
evaluated [20]. In this study, for treating the all feeds,
three factors with three levels were chosen based on
the literatures [13,15,18,20] as follows:

• TMP: 1.5, 3, and 5 bar.
• Temperature: 25, 40, and 55˚C.
• Cross flow velocity: 0.5, 1, 1.5m/s.

Each parameter has two degrees of freedom
(DOF). If kA is considered as the number of levels of
parameters, the DOF for each factor is kA-1.Using L9

orthogonal array of Taguchi design, the number of
experiments required to investigate the important
effects can be reduced to nine, whereas full factorial
experimentation requires 33 = 27 experiments. L9 (33)
orthogonal array of Taguchi design include nine
experiments for three factors at three levels. Suggested
experimental plan for the L9 is illustrated in Table 3
which has eight DOF (total DOF). If N is considered
as the number of experiments, the total DOF is N-1.

In Taguchi method, “signal” and “noise”
determines the acceptable and unacceptable values for
outputs, and their ratio (S/N) is used to transform the
response parameters (here permeate flux and rejec-
tions) to find the optimum conditions, which will be
obtained by using the S/N ratio of the results of
experimental data. The larger-the-better, the smaller-
the-better, and nominal-the-better are three basic S/N
ratios [16]. The equation of the S/N ratio depends on
the scale for the quality characteristics to be optimized
[20]. For high permeation flux and rejection, the
“larger-the-better” criteria was chosen.

2.7. Calculations

In this section, all of the equations needed for the
calculation of permeate flux and rejection rate are
given. The value of permeation flux can be obtained
from Darcy’s law [21]:

J ¼ DP
l
P

R
ð1Þ

where J is the out flow permeate flux, DP is the
pressure difference applied on two sides of
membrane, l is the viscosity, and

P
R is the sum of

resistances against fluid permeation. The percentage
of oil/grease, TSS, TOC, and turbidity rejections were
calculated as follows:

rejection ð%Þ ¼ Cf � Cp

Cf
� 100 ð2Þ

where Cf and Cp are the solutes concentration of
permeate and feed flows, respectively.

3. Results and discussion

3.1. Influence of TMP

Based on Darcy’s law, increasing the value of TMP
increases the permeate flux. However, increasing TMP
can be a compensated fouling layer compression. Pre-
vious studies show that at low pressures, the flux
increases with pressure and concentration polarization
takes place. It means permeate flux is directly propor-
tional to TMP. Over this region, higher TMP results in
droplets to pass rapidly through the membrane pores,
so more oil droplets accumulate on the membrane
surface and consequently in the membrane pores,
leading to membrane fouling. The rejection rate
decreased with an increasing pressure. This behavior
can be attributed to the permeation of oil droplets
through gel layer and membrane surface under the
presence of a high pressures [5,22,23].

3.2. Influence of temperature

To investigate the effect of temperature, some
experiments were carried out based on L9 (3

3) array of
Taguchi method in the range of 25–55˚C. Previous
researches have shown that an increase in tempera-
ture causes a rise in the amount of permeate flux [16].
This increase usually is explained through the viscos-
ity of solvent, solvent diffusion coefficient in the mem-
brane, and the extent of thermal expansion in the
membrane substance. The increase in temperature

Table 3
All experiments based on orthogonal array (L9) by Taguchi
method [18]

Trial no. TMP (bar) Temperature (˚C) CFV (cross flow
velocity) (m/s)

1 1 1 1

2 1 2 2

3 1 3 3

4 2 1 2

5 2 2 3

6 2 3 1

7 3 1 3

8 3 2 1

9 3 3 2
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causes a reduction in the viscosity of solvent and
hence an increase in the solvent diffusion coefficient
[24]. The results implied that the values of TOC
rejection decreased with increasing the temperature
due to the increase in oil permeation and fouling layer
reduction.

3.3. Influence of cross-flow velocity

An increase in CFV increases the mass transfer
coefficient in the concentration boundary layer and
also increases the extent of mixing over the membrane
surface. This can reduce aggregation of feed compo-
nents in the gel layer, and as a result, the aggregated
materials on the membrane surface diffuse back to the
bulk feed solution, and this phenomenon weakens the
influence of concentration polarization and increases
permeate flux [18,23,25]. TOC removal slightly
decreased with CFV. This phenomenon might be
affected by existence of the fouling resistance. At a
lower CFV, the fouling layer is easily developed, and
oil and natural organic matters can accumulate on it.
The fouling layer acted as another filter layer, and this
further restricts passing of natural organic matter
through the membrane resulting in higher TOC
removal. At a higher CFV, high shear rate and turbu-
lency sweep the deposited particles away from the
membrane surface; therefore, the fouling layer on the
membrane surface is made thinner. As a consequence,
more natural organic matter can pass through the
membrane and TOC removal efficiency decreases [23].

3.4. Optimum operating conditions

In this study, all experiments were conducted
based on L9 (33) array of Taguchi method. The effect
of above-mentioned controlling parameters were

studied on the variations of permeate flux and TOC
rejection. The values of out flowing permeate flux (Jf)
and TOC rejection after 1 h of the UF process are
reported in Table 4.

Using Taguchi method [26,27] for analyzing the
data reported in Table 4, the optimum conditions
were found in the UF treatment of all the mentioned
feeds. These conditions are reported in Table 5 for
different UF processes of produced waters. As it can
been seen, the optimum conditions in treatment of all
feeds were different. It can be attributed to the
different size distribution of particles and different
concentration of solutes in the feeds, and uncontrolla-
ble factors during the experiments (noises).

3.5. Performance of PAN350 membrane

Steady-state permeation fluxes in the treatment of
all feeds were measured under optimum conditions in
4 h-long experiments, which are reported in Table 6.
As it can be seen, the value of permeate flux obtained
from UF treatment of feed 4 was nearby zero because
of its high content of oil/grease, and TOC. Treated
produced waters except feed 4 were analyzed in order
to evaluate the values of their TOC, TSS, oil/grease,
and turbidity. These values obtained from UF process
using PAN350 membrane, and feeds’ qualities are
reported in Table 6. These results proved that quality
of feed 1 in membrane filtration has increased dramat-
ically. Approximately, 64.91% of TOC and 99% of oil/
grease reduced. TSS and turbidity values also declined
100 and 99.30%, respectively. The results also show
that feed 2 quality has increased in the process. Table 6
demonstrates that 75.29% of TOC, 97% of oil/grease,
100% of TSS, and 99.61% of turbidity were removed
by PAN350 membrane. Finally, based on the follow-
ing table, it can be said that the quality of feed 3

Table 4
Experimental results (permeate flux and TOC rejection values) obtained from UF process for all feeds

Trial no. Feed 1 Feed 2 Feed 3

Jf (Lm�2 h�1) TOC rejection (%) Jf (Lm�2 h�1) TOC rejection (%) Jf (Lm�2 h�1) TOC rejection (%)

1 55 56 127 63 20 57

2 80 59 198 62 31 55

3 90 57 256 59 41 53

4 76 57 213 61 34 54

5 93 58 234 67 37 60

6 97 55 238 59 38 52

7 101 58 226 65 35 58

8 99 53 238 58 38 51

9 124 54 358 62 56 55
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reached to an acceptable level. Table 6 represents that
TOC and oil/grease of feed 3 have decreased 66.19
and 100%, respectively. TSS and turbidity were
removed as 100 and 99%, respectively. Thus, PAN350
membrane can be a good choice for rejection of oil
materials and grease, solid-suspended salts, organic
matters, and turbidity. Additionally, for purifying
those produced waters containing oil/grease more
than 1,500 ppm and TOC more than 300ppm, PAN350
is not sufficient selection.

Produced waters are complex compounds contain-
ing petroleum and oil materials, salts, emulsifiers,
anticorrosion additives, and other chemicals. These
compounds are suspended and emulsified in the oily
wastewaters [28,29]. Mean particles size distribution
of permeates decreased from 500 to 0.9 nm for feed 1,
from 425 to 1.2 nm for feed 2, and from 1,225 to
1.1 nm for feed 3. It is shown that size distribution of
suspended solid particles and emulsified oil droplets
for all three treated samples was reached to less than

Table 6
Characteristics of feeds and treated samples by the UF system

Produced
water

Optimum
conditions

Permeation
flux
(L/m2h)

Results

Parameter Feed
quality

Permeate
quality

Removal
%

Feed 1 Pressure: 1.5 bar 55 Oil and grease (ppm) 51 <1.5 99

Temperature: 40˚C TSS (ppm) 115 Trace 100

Cross flow velocity:
1.5m/s

TOC (ppm) 114 40 64.91

Turbidity (NTU) 100 0.7 99.30

Size distribution (nm) 190–810 0.9–2.4 –

Feed 2 Pressure: 3 bar 120 Oil and grease (ppm) 16 <1.5 97

Temperature: 40˚C TSS (ppm) 111 Trace 100

Cross flow velocity:
1.5m/s

TOC (ppm) 170 42 75.29

Turbidity (NTU) 155 0.6 99.61

Size distribution (nm) 40–770 0.5–4 –

Feed 3 Pressure: 3 bar 30 Oil and grease (ppm) 816 <1.5 100

Temperature: 40˚C TSS (ppm) 96 Trace 100

Cross flow velocity:
1m/s

TOC (ppm) 278 94 66.19

Turbidity (NTU) 204 1.6 99.21

Size distribution (nm) 450–2,000 0.6–1.1 –

Feed 4 Pressure: 3 bar Zero (after
10min)

Oil and grease (ppm) 1925 – –

Temperature: 40˚C TSS (ppm) 44 – –

Cross flow velocity:
1m/s

TOC (ppm) 380 – –

Turbidity (NTU) 78 – –

Size distribution (nm) 700–1,500 – –

Table 5
Optimum operating conditions found by Taguchi method

Parameter Feed 1 Feed 2 Feed 3

Value Level Value Level Value Level

TMP (bar) 1.5 1 3 2 3 2

Temperature (˚C) 40 2 40 2 40 2

Cross flow velocity (m/s) 1.5 3 1.5 3 1 2
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100 nm after UF process, which is acceptable for the
desalination unit.

Fig. 3 shows the variations of rejection for oil and
grease, TSS, TOC, and turbidity during the long-time
experiment in the three permeate flows. As perme-
ation flux declined versus time during a 4 h-long
experiment, the values of rejections increased. Oil and
grease, solids, salts, organic components, and other
solutes existing in the produced water accumulated
on the membrane surface and pores as cake layer and
pore blocking, which causes more values of rejections.
The range of oil/grease, TSS, TOC, and turbidity
rejections were 89–100%, 88–100%, 57–75.29%, and
97.2–99.61%, respectively. According to the obtained
results, it is observed that PAN350 membrane is a
suitable membrane for the removal of large and sus-
pended solid particles from produced waters.

3.6. Permeability of PAN350 membrane

The permeation fluxes throughout the long-time
experiments under optimum conditions were divided
by pressures to consider the amount of membrane
permeability for different feeds. For instance, perme-
ate fluxes through the membrane divided by 1.5 and
3 bar for feed 1 and feed 2, respectively. Since the
optimum conditions for feeds were slightly different,

to study under the same conditions, all of the
permeation fluxes convert to permeability and then
membrane performance was studied. Changes in
amount of membrane permeability are illustrated in
Fig. 4 for three permeate flows obtained from all
feeds. After 4 h, permeability was equal to 37, 40, and
10 Lm�2 h�1 bar�1 for feed 1, feed 2, and feed 3,
respectively. As it is shown, permeability is more for

Fig. 3. Variation of (a) oil and grease, (b) TSS, (c) TOC, and (d) turbidity rejections vs time at optimum conditions during
4 h long experiments for three permeate flows 1, 2, and 3.

Fig. 4. Membrane permeability variations vs time for feed
1, feed 2, and feed 3 throughout 4 and 1 h of the process
of UF.
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feeds containing less solid salts, oil/grease. In other
words, the flux passing the membrane at TMP=1bar
is less for those feeds which have a higher percentage
of contaminations. Furthermore, in a 60min scale,
Fig. 4 shows membrane permeability versus time
under optimum conditions through 1 h of the UF pro-
cess for feeds.

Undoubtedly, this difference in permeability and
flux through the membrane is due to the difference
between the amount of blockage of pores, concentra-
tion polarization and cake formation for all three feeds
[7]. Permeability would decrease by increasing the
amount of internal blockage and cake formation [30].
Fig. 5 shows the difference in internal blockages and
formed cakes in the UF process between feed 1, feed
2, and feed 3. Fig. 5(a) shows the SEM image of fresh
membrane before UF. As it is observed, there is no
cake and internal blockage in membrane. The compar-
ison between parts b, c, and d of Fig. 5 corroborates

the noted results about amount of permeability. It can
be seen in Fig. 5(d1) and (d2) that formed cake on the
surface of membrane and internal blockage within
pores of membrane resulted from UF treatment of
feed 3 are more than feed 1 and feed 2. Even in Fig. 5
(d1), it is quite clear that formed cake and sediments
on the surface of membrane is more intensive and
greater than Fig. 5(b1) and (c1) after 4 h of UF process.
Likewise, from Fig. 5(d2), it is observed that compac-
tion, amount of sediments and internal blockage in
pores of membrane for feed 3 is much higher than
feed 1, and feed 2. These differences in amount of
pore blocking and formed cakes are attributed to the
different concentration of oil materials, organic mat-
ters, salts, etc., in the feeds [7,31].

It was said that at 10min of UF process for feed 4,
because of high concentration of oil, organic matters
and salts, pore blocking occurred such fast that no
time remained for cake formation and concentration

Fig. 5. SEM images of PAN350 membrane, formed cake layer and internal blockage, (a) fresh membrane before UF
process, (b) resulted from UF process for feed 1, (c) resulted from UF process for feed 2, (d) resulted from UF process for
feed 3, and (e) resulted from UF process for feed 4.
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polarization. Comparison of Fig. 5(e1) with Fig. 5(a1)
proves it. As it is observed, there is not much
difference between SEM image of the surface of
membrane resulted from UF treatment of feed 4 and
Fig. 5(a1) which is surface of fresh membrane.
However, in Fig. 5(e1) it can be seen clearly that an
extreme blockage caused by solid, oil etc. particles
occurred in the pores of membrane.

3.7. Membrane fouling mechanism

To establish the fouling mechanism of the PAN350
membrane during long-term experiment for four feeds
in the experimental manner, the typical methods were
employed as introduced in the previous studies [32].
The total fouling resistance (Rt), the natural resistance
of fresh membrane (Rm), the pore-blocking resistance

Fig. 5. (Continued).
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and the cake filtration resistance of the fouled
membrane (Rp and Rc) are reported in Table 7. Thus,
Fig. 5 and the experimental calculations indicate that
both pore blocking and cake layer formation
contributed quite effectively to the flux decline during
the UF process of feed 1, feed 2, and feed 3. However,
for feed 4 the pore-blocking resistance accounted for
95% of Rt. The results obtained from the experimental
calculations approved the observations from SEM
micrographs of Fig. 5. Therefore, it surely could be
stated that the nature and amount of sediments
depend on several things, such as the kind of pore
size distribution, concentration of solutes, flow hydro-
dynamic, properties of membrane surface, and the
interactions between membrane and dissolved
materials [10].

4. Conclusion

In this paper, in order to investigate the perfor-
mance of PAN350 membrane as a polymeric mem-
brane to be used in industrial application, UF
treatment of four real produced waters in an attempt
to meet the demand of a desalination unit in Iran was
performed. Taguchi method was employed to opti-
mize the effects of significant factors on permeation
flux, and TOC rejection. As a result, the optimum con-
ditions were chosen as follows: the second level of
TMP (3 bar), temperature (40˚C), and cross-flow veloc-
ity (1m/s) for feed 3. The values of oil/grease, TSS,
and turbidity removals were approximately 100%.
Although TOC could not be entirely removed, the
removal values of TOC were acceptable based on the
demand of desalination unit. As for the fourth feed,
because the values of oil and TOC were more than
1,500 and 300 ppm, the permeation flux approached
zero after 10min. In a 4 h-long experiment, membrane
permeability was equal to 37, 40, and 10
Lm�2 h�1 bar�1 for feed 1, feed 2, and feed 3, respec-
tively. It was proved that permeability value was
more for feeds containing less solid salts, oil/grease,
and TOC. Also, mean particles size distribution of

permeates decreased from 500 to 0.9 nm for feed 1,
from 425 to 1.2 nm for feed 2, and from 1,225 to
1.1 nm for feed 3. Results showed that for three feeds
containing oil/grease, and TOC less than 1,500 and
300 ppm, PAN350 membrane would be a good choice
for industrial applications. According to the obtained
results, the PAN350 membrane successfully passed
the request of desalination unit operating in Iran for
achieving TSS=nil, size distribution < 100nm, turbid-
ity < 5, oil/grease < 5ppm, and TOC>65%.

Experimentally, the calculations relevant to fouling
mechanism indicated that both pore blocking and
cake layer formation contributed quite effectively to
the flux decline during the UF process. As the values
of membrane fouling mechanism were so high, a
hybrid MF/UF system is strongly suggested to reduce
the membrane fouling.

Symbols

Cf — quality values of feed flow

Cp — quality values of permeate flow

J — outflowing permeate flux

DP — pressure difference applied on two sides of
membrane

P
R — sum of resistances against fluid permeation

l — viscosity
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