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ABSTRACT

The effects of gas–liquid two-phase flow regimes on permeate flux and fouling mechanisms
were investigated in a gas sparging assisted microfiltration of oil-in-water emulsion. Differ-
ent two-phase flow patterns were attained by introducing gas stream into the liquid phase.
It was found that the permeate flux was increased due to disruption of the local deposited
cake layer and concentration polarization as the gas velocity increased. Flux enhancement
of up to 35% was observed at slug-flow pattern and it was also found that gas sparging is
less efficient at high liquid velocities in which turbulence was high. Fouling mechanisms
were examined through four individual blocking laws. Membrane resistance curves were
used to find dominant fouling mechanism during filtration and as a result, cake formation
showed the best agreement with the experimental data in flux decline prediction. The effect
of oil droplets on the membrane surface, pore blockage, and accumulation of fouling layer
were also analyzed through scanning electron microscopy images.
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1. Introduction

Large amounts of oily wastewater are produced
daily by many industrial establishments which can
cause great environmental impacts if it is not treated
effectively. Environmental regulations mandate petro-
chemical, metalworking, automotive industries, etc. to
treat their wastewater before discharge. Different
methods have been used for wastewater treatment;
however, they are not suitable for separation of oil-in-
water emulsions especially when the oil droplets are

smaller than 20 μm [1–3]. Development of membrane
technology during recent decades has shown promis-
ing capability for oily wastewater treatment [4–6].

Variety of membrane separation processes have
been developed in order to rectify this problem;
however, microfiltration has shown more efficient
performance in separating oil droplets from stable oil-
in-water emulsions [7–10]. It has been extensively
studied during the past decade, but membrane fouling
and permeate flux decline have always been challeng-
ing problems, limiting its applications. In order to
resolve this problem, different techniques have been
recently studied. Some studies have focused on*Corresponding author.
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membrane modification to prepare fouling resistance
membranes [11–13] while others used feed
pretreatment [14], dynamic filtration [15,16], and flow
manipulation [17–21] to reduce fouling.

Among these methods, gas sparging technique has
proved to reduce membrane fouling and flux decline
due to effective disruption of concentration polariza-
tion and cake layer [22–25]. A two-phase flow by
means of introducing air bubbles into the liquid can
enhance shear stress on the membrane surface and yet
does not pose any harm to the membrane which might
have been formed by suspended solid particles [26–
28]. The effect of bubble-flow pattern on reducing foul-
ing resistance and enhancement of cross-flow microfil-
tration is reported in our previous work [29]. It has
shown that the slug-flow pattern increases filtrate flux
the most. Also, it was observed that in sparse bubbly
flow, introducing gas into flow almost did nothing at
high liquid velocities. Same results were also reported
by Hwang and Wu [30] in which flux enhancement
was more remarkable at lower velocity region. Chiu
and James [31] reported that critical flux of two-phase
flow was up to almost twice greater than that of sin-
gle-phase flow. In addition, the slug-flow pattern has
shown the best results. Increasing shear stress at the
membrane surface exerted by air bubbles, dispersion
of concentration polarization layer, and reducing con-
centration of cake layer caused the flux enhancement.

However, fouling phenomena have always been of
interest and a major challenge in membrane processes.
This is due to its complexity and dependency on pro-
cess characteristics. On top of that, oily systems are
more challenged due to the deformation and coales-
cence of oil droplets. Pore blocking due to deposition
of oil droplets inside the membrane pores and on the
membrane surface are responsible for fouling [32].
Varieties of fouling mechanisms have been proposed
in order to determine the fouling behavior of oily
systems.

The concept of blocking laws is first introduced by
Hermans and Bredee. Later, constant pressure block-
ing laws were revised by Hermia [33] applicable to
dead-end filtration. However, equivalent equations
were obtained with appropriate modifications for
cross-flow filtration [34]. Cake filtration, intermediate,
standard, and complete pore blocking are different
classical models that have been developed to charac-
terize flux performance. Since these individual models
have failed to predict fouling behavior in some cases,
combined models have been used to provide better
fits of experimental data [32,35,36].

Continuing our activities in this field, the present
study is aimed at investigating the effect of gas sparg-
ing on fouling and flux decline in microfiltration of

oil-in-water emulsion. Different gas velocities have
been used to establish different gas–liquid two-phase
flow regimes to evaluate their effect on fouling phe-
nomena and flux enhancement. Four kinds of individ-
ual blocking laws were used to study the effects of
gas sparging on the fouling mechanism. Besides, effect
of oil droplets on blocking of the membrane pores
before and after cleaning have also been investigated
through scanning electron microscopy (SEM) images
where the provided fittings and model predictions
were reconfirmed by the SEM images.

2. Theory

Four fouling models have been used to describe oil
deposition in pores and/or on the membrane surface.
The standard pore blocking model assumes cylindrical
pores of the membranes in which oil droplets are
deposited on the pore wall. Accumulation of oil drop-
lets causes decline to the radius of the pores and con-
sequently decreases the permeability. In the complete
and intermediate pore blocking models, oil droplets
block the entrance of the pores and a portion of pores
are unavailable for the permeate flow, and conse-
quently the available membrane area decreases. The
cake filtration model occurs when a permeable cake
layer accumulates on the membrane surface and
increases the resistance to flow. Each model equation
shown in Table 1 is presented by Koltuniewicz et al.
[37] for cross-flow microfiltration. They all can be
summarized to obtain a general equation:

J ¼ J0 1þ k 2� nð Þ AJ0ð Þ2�nt
h i 1

n�2
(1)

where k is the generalized filtration constant and the
values of n, blocking index (constant), respectively, are
1.5, 1.0, and 0 correspond to standard pore blocking,
intermediate pore blocking, and cake filtration [37]. For
a constant transmembrane pressure filtration, the term
AJ0 is constant and they can be simplified as linear
equations [38] also presented in Table 1. Eq. (1) can be
written in term of membrane resistance for constant
pressure filtration with transmembrane pressure ΔP,

R ¼ R0 1þ k 2� nð Þ AJ0ð Þ2�nt
h i 1

2�n
(2)

where R0 = ΔP/J0. Therefore, the first-order and
second-order derivatives of R with respect to time, t,
are written as follows:
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dR

dt
¼ R0k AJ0ð Þ2�n 1þ k 2� nð Þ AJ0ð Þ2�nt

h in�1
2�n

(3)

d2R

dt2
¼ R0k

2 n� 1ð Þ AJ0ð Þ4�2n 1þ k 2� nð Þ AJ0ð Þ2�nt
h i2n�3

2�n

(4)

Accordingly, useful results can be obtained by exam-
ining R(t), dR(t)/dt, and d2R(t)/dt2 curves. It shows
that all the terms in the right hand side of Eq. (4) are
positive, except (n − 1). If n > 1 then d2R(t)/dt2 will be
positive, meaning that dR(t)/dt is a monotonic increas-
ing function. In this case, one can conclude that stan-
dard pore blocking plays a major role. In contrast, if
n < 1, d2R(t)/dt2 will be negative and the first deriva-
tive will be monotonic decreasing function. This
implies that the cake filtration is the dominant mecha-
nism. Similar to these, if the curve of dR(t)/dt becomes
flat (n = 0), intermediate pore blocking model is of
great importance in microfiltration.

3. Experimental

3.1. Feed preparation

To achieve a fine dispersed oil-in-water emulsion,
the feed was prepared by mixing gasoil (Tehran
Refinery) and surfactant with distilled water at a mix-
ing rate of 12,000 rpm for 30 min. Polyoxyethylene
(80) sorbitanmonooleate (Tween 80, Merck) was used
as surfactant at concentration of 100 ppm. A 0.45 μm
pore size hydrophilic polyvinylidene fluoride flat-
sheet membrane (Millipore Co.) with 125 μm thickness
and 70% porosity was used for microfiltration. COD
analysis was done based on the standard method of
EPA 410.4 which has been described in detail in
previous work [32].

3.2. Experimental apparatus

Schematic diagram of the lab scale experimental
apparatus is shown in Fig. 1(a). The stable emulsion

feed was held in a 10 L tank. A centrifugal recircula-
tion pump, controlled by an inverter was used to deli-
ver the feed to the membrane module and also
provided the required constant operating pressure of
the oil-in-water emulsion. Two needle valves were
installed in the feed and retentate lines to adjust the
fluid flow rate. Besides, the valve installed after
the membrane module, can exert a backpressure along
the membrane unit. AMBLD Instrument Company
flow meter, calibrated for the present experiments,
was utilized. Two pressure gauges (Wika, Germany)
were used before and after the membrane module to
determine the pressure drop and also to observe the
line pressures varied from 0.5 to 2 bar. The required
air flow was supplied by a 25 L compressor with
adjustable gas velocity, equipped with both regulator
and flow meter. Gas and liquid were mixed just before
entering the module. The permeate flow was mea-
sured by a digital balance (Sartorius Model GE2120,
Edgewood, NY) with the accuracy of 0.01 g connected
to a computer. Permeate was collected and regularly
returned to the storage tank to guarantee a constant
feed concentration. The system was able to adjust and
control the important operating parameters, including
temperature, operating pressure, and liquid and gas
velocity. The membrane module was specifically
designed and fabricated from Plexiglas to observe
gas–liquid two-phase flow regimes, Fig. 1(b). The
dimension of module channel was 10 cm × 5 cm ×
3 mm as length, width, and depth, respectively, pro-
viding 50 cm2 active filtration area. More details about
the module and the experimental procedure have been
given in previous work [29].

4. Results and discussion

4.1. The effect of gas sparging on permeate flux

In order to investigate the effect of gas sparging on
permeate flux, two sets of experiments were carried
out with different gas and liquid flow rates (QG= 0.25,
0.5, 0.75, 1, and 2 L/min; QL= 1 and 3 L/min). Two
liquid flow rates of 1 and 3 L/min were tested in

Table 1
Fouling blocking laws and their linearized forms

Fouling mechanism Flux equation Linearized flux equation

Complete pore blocking J ¼ J0expð�kbtÞ LnðJ�1Þ ¼ LnðJ0�1Þ þ kbt

Standard pore blocking J ¼ J0 1þ 1
2KsðAJ0Þ0:5t

� ��2
J�0:5 ¼ J0

�0:5 þ kst

Intermediate pore blocking J ¼ J0 1þ KiAJ0tð Þ�1 J�1 ¼ J0
�1 þ kit

Cake filtration J ¼ J0 1þ 2KcðAJ0Þ2t
� ��0:5

J�2 ¼ J0
�2 þ kct
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practice which are corresponded to 0.11 and 0.33 m/s,
respectively. According to the module dimensions,
these velocities resulted in Reynolds number of 700
and 2100, respectively. Depending on gas and liquid
velocities, four distinct flow patterns, from bubbling to
churn flow, were observed in the flat-sheet microfiltra-
tion module, shown in Fig. 2. Sparse bubbles were
observed at low gas velocities which formed a dense
uniform bubble flow as the gas velocity increased,
Fig. 2(a, b). Then, slug-flow pattern was appeared at
intermediate gas velocities, Fig. 2(c). Churn-flow

regime was observed at higher gas velocities (QG= 2
L/min), Fig. 2(d). In higher gas velocities, the gas flow
became dominant which resulted in annular flow
being undesirable.

Fig. 3 shows the permeate flux decline for intro-
ducing different gas flow rates into the liquid where
QL= 1 L/min. The permeate flux decline was observed
to be similar to most of the cross-flow microfiltration
profiles. The main reason of the sharp decline at the
early stage of filtration is resulted from the oil deposi-
tion on the membrane surface adding extra resistance.

(a)

(b)

Fig. 1. (a) Schematic flow diagram of the membrane setup and (b) membrane module.
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Accordingly, by introducing gas into the liquid flow
less flux decline is observed and final steady-state
permeate flux is increased. Gas bubbles/slugs exert
additional shear stress and increase turbulence, which
disrupt the local deposited cake layer and/or concen-
tration polarization. Consequently, gas sparging
enhances permeate flux by reduction of external foul-
ing and the higher the gas velocity, the higher the per-
meate flux will be.

As mentioned above, according to Fig. 3, increas-
ing the bubble size had a positive impact on permeate
flux enhancement by disrupting the local deposited
cake layer and/or concentration polarization
(QG= 0.25 and 0.5 L/min). Evidently, the effect of slug
flow on reduction of external fouling and flux
enhancement was quiet considerable (QG= 0.75 and 1
L/min). Large bubbles with at least 1 cm diameter in
slug flow cause reduction in cross-section availability
of the liquid phase and also resulted a thin liquid film
to remain on the membrane surface moving in

opposite direction. This phenomenon exerts high shear
stress to the membrane wall which reduces external
fouling. Same results were reported previously but
only for two-phase flow regime in cylindrical module
that slug flow was the most significant regime for per-
meate flux enhancement [39,40] which now is con-
firmed for flat-sheet module. Besides, churn-flow
pattern did not make any significant enhancement in
permeate flux in comparison with slug flow as it is
shown in Table 2. Although its irregular and chaotic
regime had increased permeate flux, it has not been
recommended to assist membrane filtration. Same
results were obtained for liquid flow rate of QL= 3 L/
min. Increasing bubble size causes reduction of external
fouling; as a result, the permeate flux was increased.
The best performance was shown by the slug-flow
regime which graphs were omitted due to similarity.

Table 2 includes flux enhancement for both liquid
flow rates at different gas flow rates. Effect of different
two-phase flow regimes mentioned above can also be
seen here. In addition, it can be concluded that,
although the final permeate flux is higher at the liquid
flow rate QL= 3 L/min, the flux enhancement is lesser.
This is due to the fact that turbulence in higher rates
of liquid flow is high enough that gas bubbles cannot
make a significant change in the local mass transfer
layer above the membrane. So, gas sparging is a use-
ful technique for manipulation of external resistances
to reduce flux decline, however, at high liquid Rey-
nolds numbers it is not efficient enough to make more
turbulence which were discussed in detail in our pre-
vious work [29]. On the other hand, it showed a
promising result that applying gas sparging to oil-in-
water systems with less turbulence can significantly
improve the permeate flux up to almost 35% at QL= 1
L/min.

Fig. 2. Gas–liquid two-phase flow patterns in the flat-sheet microfiltration module for QL= 1 L/min and different gas flow
rates: (a) sparse bubble QG= 0.25 L/min, (b) dense bubble QG= 0.5 L/min, (c) slug QG= 0.75 L/min, and (d) churn flow
QG= 2 L/min.

Fig. 3. Effect of gas–liquid two-phase flow on flux behavior
at QL= 1 L/min, and room temperature (22 ± 1˚C).
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4.2. Analysis of fouling mechanisms

The fouling mechanisms discussed in Section 2
were tested in different operating conditions to reveal
the relation between the variables and dominant
mechanisms. In fact, this is the first time that individ-
ual blocking laws were applied in gas-sparged micro-
filtration of oil-in-water emulsion to predict the
filtration flux. The correlation of four filtration models
for a specific operating condition (TMP = 1 bar, Coil =
10,000 mg/L, QL= 1 L/min, and QG= 0.75 L/min) has
been depicted in Fig. 4(a). Except the cake filtration
model, the other three models did not exhibit a rea-
sonable agreement with experimental data giving non-
linear correlations. Using the models’ correlations for
each case, a comparison was also made with the
experimental data. As shown in Fig. 4(b), the cake for-
mation model showed the best agreement with the
experimental data, while the other tested models
failed to provide any appropriate fitting. The same
fouling behavior has been observed and reported in
microfiltration of feeds containing solid particles [35].
It should be also noted that the cake filtration model
tends to underestimate the initial flux, while the other
models give an acceptable amount for the initial flux.

In addition, variations in the membrane resistance
(R) and its first-order derivative with respect to time,
(dR/dt), were also used to analyze the fouling
mechanisms as a function of filtration time, Fig. 5. The
membrane resistance gradually increased during
microfiltration. The curve of dR/dt, however, was
roughly composed of two regions; first a sharp
decreasing region in the initial period of filtration and
then a slow decline. This indicates that because of the
sharp negative slope the cake filtration model was the
major mechanism at the early stage of microfiltration.
It also reveals quick development of oil cake on the
surface of the membrane which corroborates the
previous discussion. As the filtration time went on, the
cake filtration was still the major mechanism, but

according to the slope of the curve, the rate of cake for-
mation became slower. No obvious intermediate, com-
plete, or standard pore fouling stages were observed.

The performance data for some other operating
conditions were analyzed in the same way. Although
the liquid and gas flow rate could improve the
permeate flux, it was found that their influence on the

Table 2
Final permeate flux and flux enhancement at different gas velocity

Gas flow rate QG

(L/min)

Liquid flow rate QL= 1 L/min Liquid flow rate QL= 3 L/min

Final permeate flux
(L/m2h)

Flux enhancement
(%)

Final permeate flux
(L/m2h)

Flux enhancement
(%)

0 63.12 0 70 0
0.25 68.14 7.9 72.8 4
0.5 73.82 17 77.1 10
0.75 83.83 32.8 86.7 23.9
1 84.96 34.6 88.15 25.9
2 86.33 36.8 90.4 29.1

(a)

(b)

Fig. 4. (a) Variation of flux functions with time for four
filtration models; (b) comparison of filtration model
prediction with experimental data at oil concentration and
TMP of 10,000 mg/L and 1 bar, respectively.
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fouling mechanisms was negligible in comparison
with the oil concentration and TMP. As long as the oil
concentration and TMP were kept constant, almost the
same results as above were obtained; therefore, their
graphs were omitted due to similarity.

As the oil concentration decreased and TMP
increased to 1,000 mg/L and 2 bar, respectively, a
quite different behavior was observed. Fig. 6(a) shows
that there is not a single linear correlation of the data
over the complete range of filtration times. As
depicted, there appears two filtration regions, one at
the early stages (<5 min) and the other >5 min. By
using the models correlations for each case a compari-
son was made with the experimental data (Fig. 6(b)).
It is worth mentioning that when a mechanism domi-
nates during filtration time, applying combined pore
blocking laws usually do not offer much more benefit
over the individual models [32,36]. It is evident from
the graph that the cake filtration model is still better
than the other models, but its outcome is not basically
satisfying in the whole period.

The experimental data was therefore analyzed sep-
arately in the two time ranges. The linear correlations
of the fouling models in the early stages of filtration
time have been shown in Fig. 7(a). As illustrated, rea-
sonable linear correlations have been achieved for this
short period. The ability of the obtained correlations
to predict permeate flux as a function of time has been
plotted in Fig. 7(b). It can be seen that cake formation
and intermediate pore blocking model have provided
better fits where the other two predictions by standard
and complete pore blocking were not appropriate.

Fig. 8(a) shows the correlation of the filtration
models for longer filtration times in which an almost
reasonable and linear correlation exists. The corre-
sponding flux predictions vs. time were obtained from
the model correlations and are shown in Fig. 8(b). As

it shows, the complete and standard pore models were
inappropriate, while the cake filtration and intermedi-
ate pore blocking models appear to provide better fits
of the data. This implies that at the early stage, a cake
layer of the oil droplets have been developed on the
membrane surface which has protected the membrane
pores of being blocked. As before, the cake filtration
mechanism predominated at the beginning of the pro-
cess and was the dominant fouling mechanism. At this
period, the pores may behave as those in a fresh one.
In longer times, the high transmembrane pressure can
force the deformable droplets to seal off the pores.
The oil droplets therefore will block the entrance of
the pores and make them unavailable to the flow. This
reveals that the intermediate pore blocking have
played a major role in longer filtration times.

Fig. 9 reconfirm the above-mentioned states where
membrane resistance and its derivative have been
plotted versus time. As depicted, membrane resistance
gradually increased during the process. Its derivative
(dR/dt), however, decreased sharply at the beginning
and then became flat. According to what was stated in

Fig. 5. Membrane resistance data and dR/dt analysis at oil
concentration and TMP of 10,000 mg/L and 1 bar,
respectively.

(a)

(b)

Fig. 6. (a) Variation of flux functions with time for four
filtration models; (b) comparison of filtration model
prediction with experimental data at oil concentration and
TMP of 1,000 mg/L and 2 bar, respectively.

4482 A. Fouladitajar et al. / Desalination and Water Treatment 57 (2016) 4476–4486



Section 2, minus slope and flat curve, respectively,
correspond to the cake filtration and intermediate
fouling models.

4.3. Assessment of membrane fouling by SEM

SEM was used to estimate the effect of emulsion
filtration on the membrane surface and the accumula-
tion of any fouling layer. SEM of the new membrane
as well as the used one (before and after cleaning) has
been shown in Fig. 10. Fig. 10(a) indicates the pores of
a new membrane sample which are clear. After run-
ning microfiltration of oil-in-water emulsion, most of
the pores were clogged and the oil droplets partially
occupied most of the pores (Fig. 10(b)). When only
water was applied as the cleaning agent, the oil
deposited layer on the membrane surface was almost
disrupted, but the fouled pores were hardly cleaned
(Fig. 10(c)). Finally, when applying caustic and acidic
chemical cleaning solutions, a majority of the pores
were cleaned (Fig. 10(d)). A 0.2 wt.% NaOH and 0.1
wt.% HNO3 for 45 min and 30 min were used for
chemical cleaning, respectively. This procedure was

used according to the recommendation of the manu-
facturer. A portion of the membrane fouling during
oil-in-water microfiltration was not reversible as
attempts to clean the membrane using the mentioned
chemical cleaning solutions did not remove all the oil
deposits, as depicted in Fig. 10(d). It shows that
although the majority of the occupied pores have been
cleaned, there are still some deposited oil droplets
which imply the intermediate pore blocking.

(a)

(b)

Fig. 7. (a) The linear correlations of pore blocking models;
(b) comparison of filtration model prediction with
experimental data at the early stages of filtration time.

(a)

(b)

Fig. 8. (a) The linear correlations of pore blocking models;
(b) comparison of filtration model prediction with
experimental data at long filtration time.

Fig. 9. Membrane resistance data and dR/dt analysis at oil
concentration and TMP of 1,000 mg/L and 2 bar,
respectively.
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5. Conclusions

Gas sparging effect in microfiltration of oil-in-
water emulsion was investigated. Gas bubbles with
different velocities were injected into the liquid flow
to obtain various gas/liquid two-phase flow patterns.
It was found that shear stress exerted by enlarged gas
bubbles had a positive impact on permeate flux
enhancement. Increasing gas velocity increased perme-
ate flux by reduction of external fouling. Since the tur-
bulence was high enough at high liquid velocities, the
bubbles were less efficient in disruption of mass
transfer boundary layer on the membrane surface.
Therefore, gas sparging was found to be a useful tech-
nique especially at low liquid velocities.

Four fouling resistance models were investigated
to predict the permeate flux decline during filtration.
It was concluded that cake formation is in better
agreement with experimental data among others
which failed to provide any appropriate fitting. How-
ever, cake formation had lower initial flux while other
models gave acceptable amounts for the initial flux.
Using membrane resistance curves, it was also sup-
ported that cake formation was the dominant fouling
mechanism during filtration. Comparison of SEM of

the new membrane with the used ones (before and
after cleaning) showed that a portion of the membrane
fouling during oil-in-water microfiltration was not
reversible as attempts to clean the membrane did not
remove all oil deposits.
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Fig. 10. Effect of emulsion filtration and chemical cleaning on the membrane surface: (a) new membrane, (b) after
microfiltration of oil-in-water emulsion, (c) after cleaning by water, and (d) after chemical cleaning.

Symbols

J — permeate flux
J0 — initial permeate flux at time t = 0
K — constant in generalized model
N — blocking index
A — membrane area
T — filtration time
ΔP — transmembrane pressure
R — membrane resistance
R0 — initial membrane resistance at time t = 0
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