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A B S T R AC T

One of the major problems in pressure driven membrane processes is the reduction of the fl ux 
to far below the theoretical capacity of the membrane. The typical variation of the fl ux with 
time is that of initial rapid decrease followed by a long and gradual decline. The results of an 
experimental study regarding fouling mechanisms of membrane in separation of oil from oil-
in-water emulsions are presented. Mullite microfi ltration membranes were synthesized from 
kaolin clay as MF ceramic membranes. Hermia’s models were used to investigate the fouling 
mechanisms of membranes. The effect of pressure, cross-fl ow velocity (CFV), temperature and 
oil concentration on fl ux decline has been investigated. The results show that cake fi ltration 
model can well predict the fl ux decline of mullite ceramic membranes. After cake fi ltration 
model, the best fl ux predicted to the experimental data was intermediate pore blocking model 
and worst predicted fl ux was for complete pore blocking model.
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1. Introduction

A large volume of wastewater in the form of either 
oil-in-water (o/w) or water-in-oil (w/o) emulsions 
is generated from various process industries such as 
metallurgical, transportation, food processing and pet-
rochemical as well as petroleum refi neries. Typical com-
position ranges of ‘Produced water’ generated in the 
oily wastewater oil and gas industrial processes include 
50–1000 mg/l of total oil and grease and 50–350 mg/l of 
total suspended solids (TSS) [1]. Environmental regula-
tions require that maximum total oil and grease concen-
tration in discharge waters to be 10–15 mg/l [2]. Major 
pollutant in wastewater (also known as produced water) 

generating from oil fi eld is oil which may range between 
100 and 1000 mg/l or more depending on demulsifi -
cation effi ciency and crude oil nature [3–7]. Removing 
oil from oil-in-water (oily water) is an important aspect 
of pollution control. Ceramic membranes have been 
known for years and used in many different applications 
depending on their numerous advantages: stability at 
high temperatures and pressure resistance, good chemi-
cal stability, high mechanical resistance, long life and 
good antifouling properties [8,9]. In these membranes, 
mullite ceramic membranes have very high chemical 
and thermal stability and are very cheap because they 
can be prepared by extruding and calcining kaolin clay.

One of the major inhibiting factors for successful 
commercialization of the membrane processes is foul-
ing. During membrane fi ltration, some constituents 
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 of feed deposits on the membrane surface and/or in 
the membrane matrix. This retention process is often 
referred to fouling and results in decrease of the decline 
fl ux, eventually leading to membrane replacement. In 
the last two decades there have been a large number 
of studies focused on effects of operating parameters 
on fl ux decline and membrane fouling mechanisms. In 
these studies, membrane fi ltration tests under differ-
ent experimental conditions were preformed to obtain 
data on permeates fl ux variation with time. Although 
some advances in fundamental MF membrane fouling 
mechanisms have been achieved, further researches are 
needed to better understand the fouling mechanisms.

In this work, Hermia’s models [10] for dead end 
fi ltration were used to investigate the fouling mecha-
nisms involved in cross-fl ow MF of oil-in-water emul-
sions. The fi tted results of the Hermia’s models for 
cross-fl ow fi ltration were presented and compared 
with the experimental data. Also, more detailed study 
of the Hermia’s models was provided for cross-fl ow fi l-
tration to explain the fouling mechanisms in MF of the 
oily wastewater.

2. Materials and methods

2.1. Membrane preparation

In this research, mullite MF membranes were syn-
thesized from kaolin clay. The kaolin material used 
obtained from the Zenooz mine in Marand, Iran. 
Cylindrical shaped (tubular) membranes (i.d.: 10 mm, 
o.d.: 14 mm and L: 30 cm) were conveniently made by 
extruding a mixture of about 62–69% kaolin clay and 
28–31% distilled water using an extruder. The cylindri-
cal shaped membrane were then dried at room tem-
perature within 48 h and temperature programmed 
calcinated at 1250 °C for 3 h, suitable calcination period 
and temperature at which the clay converts to mullite 
and free silica [11]. Free silica was removed from the 
calcined membrane by leaching with strong alkali solu-
tions. Removal of this free silica causes microporous 
tubular ceramic membrane to be made with very high 
porosity. Free silica removal was carried out with aque-
ous solutions containing 20% by weight NaOH at a 
temperature of 80 °C for 5 h. Membranes were washed 
with distillated water for 12 h at a temperature of 80 °C 
in order to remove NaOH. Porosity of the membrane 
before leaching by water absorption method is 32% 
while after treatment it increases to 48%. PF of the 
membrane before and after free silica removal at pres-
sure (1 bar), temperature (25 °C) and fl ow rate (1 m/s) 
for distillated water are 18 and 35 (l/m2 h), respec-
tively. Fig. 1 shows the surface and cross-section of the 
synthetic mullite ceramic membrane.

2.2. Setup

In order to carry out the experiments almost close to 
an industrial scale, a pilot plant was designed. The pilot 
was operated in cross-fl ow mode. The membrane sur-
face area in contact with the feed was equal to 110 cm2. 
The MF cell was installed in a system according to Fig. 2 
and all the industrial reservations were considered dur-
ing the experiments.

The system was simple and had no complexity, how-
ever, it was designed in such a way that all important 
operating parameters in the MF process such as temper-
ature, operating pressure and linear fl ow velocity could 
be tuned and controlled. The system mentioned above 
had a vessel with a capacity of 10l. This vessel had a 
heater to heat the feed or to keep it at a constant tem-
perature and also a stirrer in order to keep the feed uni-
form. The feed temperature was controlled by a digital 
thermometer with an accuracy of ± 0.1 °C. A tubular heat 
exchanger was used to control the feed temperature.

2.3. Process feed

Synthetic oily wastewaters (oil-in-water emulsions) 
were prepared by various mixing of condensate gas 
(C8–C12) and distillated water with an addition of 
approximately 0.01 wt.% Triton X−100 emulsifi er to the 
mixture for stabilized emulsion. Condensate gas from 
Seraje, Ghom, Iran, was used for preparation of the 
oil–water emulsions. A blender mixed mixture at high 
shear rate (6000 rpm) for 30 min. Under these conditions, 

Fig. 1. SEM micrographs of the mullite membrane: (A: sur-
face) and (B: cross-section).

Fig. 2. Microfi ltration setup.
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mean diameter of emulsion is 1.07 μm and emulsions 
had high stability for employing in MF experiments.

3. Modeling

In the present work, an approach followed by 
H ermia was used for the description of fi ltration phe-
nomenon in cross-fl ow MF of the oily wastewater. In the 
preceding section, description of the assumptions made 
and the conclusions reached by the usual and theoretical 
models for the fl ux decline is presented. Hermia models 
are the most useful and applicable models for microfi l-
tration fl ux decline prediction. The general equation is 
as follows [12]:

2
0( ) n

j
dj

K J J J
dt

−= − −  (1)

where n = 2.0 for ‘complete’ blocking; n = 1.5 for stan-
dard blocking; n = 1.0 for incomplete pore blocking 
(intermediate fouling) and n = 0 for cake fi ltration (see 
Fig. 3). KJ is a constant and J0 is the limiting fl ux.

3.1. Cake formation model

Cake/gel formation usually occurs when particles/
oil droplets larger than the average pore size accu-
mulate on the membrane surface, forming a “cake/
gel”. As time goes on, the cake/gel grows and pro-
vides an additional porous barrier through which 
the liquid must permeate. As a result, the cake/gel 
may increase the particles/oil droplets removal effi -
ciency of the membrane; however, it also increases 
the membrane resistance and subsequently dimin-
ishes fl ux. For the cake fi ltration model it is assumed 
that: (a) Shear stress is proportional to shear rate 
(Newtonian). (b) All the particles/oil droplets are 

dimensionally similar, solute deposits on the mem-
brane surface by superimposition forming a compress-
ible cake/gel of uniform thickness. (c) The resistance 
offered by the cake/gel is directly proportional to the 
volume fi ltered. (d) All the particles/oil droplets are 
retained on the membrane surface and the fl ux decline 
phenomenon is solely dependent upon the cake/gel 
formation (i.e., no sealing of pores). As a result, it can 
be described as follows:

2 2
0

1 1
gK t

J J
= +  (2)

where J0 and Kg are the initial permeate fl ux and the con-
stant of the cake/gel formation model, respectively [12,13].

3.2. Standard pore blocking model

Standard pore block is the most dominant phenome-
non when retained particles/oil droplets are dimension-
ally smaller than the average pore size of the membrane. 
It is often called adsorptive fouling or pore narrowing. 
In this case, particles/oil droplets in the fl uid approach 
the membrane, enter into the pores, and adhere to the 
inner pore walls. Unlike the complete pore plugging 
model, there is no complete blocking of pores. In this 
case, the adhesion of particles/oil droplets to the walls 
decreases the available pore diameter and increases the 
membrane resistance. Over a period of time the pore 
diameter decreases and it leads to complete pore block-
ing. For developing the model, it is assumed that the 
fl uid is Newtonian, and only pore narrowing takes place 
and not complete pore blocking. Permeate fl ux can be 
obtained by the following equation:

S1 1
2 2

0

1 1
tK

J J
= +  (3)

where Ks is the constant in standard pore blocking 
[12,13].

3.3. Complete pore blocking model

It typically occurs when the particles/oil droplets 
are dimensionally similar to the mean pore size of the 
membrane. In this model, particles/oil droplets plug 
individual pores. As individual pores are plugged, the 
fl ow is diverted to other pores that plug successively. 
Eventually, this reduces the available membrane area 
and increases the membrane resistance. Due to this 
fact, the membrane loses its fi ltration performance and 
requires cleaning or replacement. The assumptions 
made for developing this model are:

Fig. 3. Schematic representation of blocking mechanism: (a) 
complete pore blocking, (b) intermediate blocking, (c) stan-
dard blocking, (d) cake layer formation.
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 (a) Every particle participates in the plugging process 
by sealing one pore on, and once a pore is blocked, 
other particles/oil droplets do not enter that pore 
and superimpose on that particle/oil droplet (i.e., no 
gradual pore blocking).

(b) There is no cake formation.
(c) Feed is Newtonian.

Permeate fl ux can be simply represented by the 
f ollowing equation:

( ) ( )0 CLn J Ln J K t= −  (4)

where KC is the constant in complete pore blocking 
model [12,13].

3.4. Intermediate pore blocking model

This model assumes each particle/oil droplet can 
block some membrane pores or settle on other particles/
oil droplets previously blocked some other pores with 
superposition of particles/oil droplets. Permeate fl ux 
can be obtained by the following equation:

i
0

1 1
K At

J J
= +  (5)

where Ki is the constant in intermediate pore blocking 
model and A is membrane surface [12,13].

4. Results and discussion

4.1. Predicted permeation fl ux by pore blocking models

Firstly, the relationship between time (t) and per-
meate fl ux (J) was drawn for all the TMPs levels. In all 
cases, the permeate volume decreased with time. In 
order to ensure precise analysis of the fi ltration mecha-
nism and also to avoid unsteady state conditions, the 
permeate data during fi rst 30 s of fi ltration process was 
neglected. The models that were defi ned by Hermia for 
the description of various fi ltration laws were applied 
to permeate fl ux data that were obtained in the current 
studies. A linear relationship of 1/J2 versus t, 1/J0.5 ver-
sus t, Ln(J) versus t and 1/J versus t was determined 
experimentally for cake fi ltration model, standard pore 
blocking model, complete pore blocking model and 
intermediate pore blocking model to calculate constants 
(K) in models. As represented in Figs. 4–7 the fi ltration 
data at different TMP levels were compared by predic-
tion fl ux of cake fi ltration model, standard pore block-
ing, complete pore blocking and intermediated pore 
blocking model.

Fig. 4. Permeate fl ux predicted by the cake layer formation 
model at different pressure with time (fl ow rate 1 m/s, oil 
concentration 1000 ppm and temperature 25 °C).

Fig. 5. Permeate fl ux predicted by the intermediate pore 
blocking model at different pressure with time (fl ow rate 
1 m/s, oil concentration 1000 ppm and temperature 25 °C).

Fig. 6. Permeate fl ux predicted by the standard pore block-
ing model at different pressure with time (fl ow rate 1 m/s, 
oil concentration 1000 ppm and temperature 25 °C)

Fig. 7. Permeate fl ux predicted by the complete pore block-
ing model at different pressure with time (fl ow rate 1 m/s, 
oil concentration 1000 ppm and temperature 25 °C).
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To determine whether the data agreed with any one 
of the models considered, deviation of each plot for one 
model was compared with the other two. Compared to 
all the plots for the models, the cake fi ltration model 
showed better prediction with relative to the standard 
pore blocking and intermediate pore blocking models. 
Results show that average percentage error of predi-
cated fl ux for cake layer formation model, intermediate 
pore blocking model, standard pore blocking model and 
complete pore blocking model is 7.64%, 11.83%, 14.75% 
and 16.70%, respectively. High deviations between 
experimental and predicted fl ux decline were observed 
for the complete pore blocking model. It must be noted 
that oil droplets are deformable. Therefore, cake density, 
resistance and compression and the rate of fl ux decline 
are expected to increase with pressure.

Figs. 8–11 show the fi tting of the experimental per-
meates fl ux mullite membranes to the pore blocking 
models for all the experimental conditions tested to indi-
cate effect of CFV on fl ux decline. Results show that cake 
fi ltration model and intermediate pore blocking model 
have better prediction to standard pore blocking model. 
The intermediate blocking fouling mechanism occurs 
when the membrane pore size is similar to the size of 
particles/oil droplets [12]. Membrane pores are blocked 

near their entrance in the feed side. Therefore, the inter-
mediate blocking model provided a better agreement to 
the experimental data than the complete blocking model 
and standard blocking model, as expected. The average 
percentage error of predicated fl ux for cake layer forma-
tion model, intermediate, standard and complete pore 
blocking model is 9.32%, 17.49%, 22.42% and 28.33%, 
respectively.

Figs. 12–15 represent effect of feed temperature on 
fouling mechanisms. Results show that cake fi ltration 
model and intermediate pore blocking model have bet-
ter prediction to standard pore blocking model. The 
standard blocking mechanism occurs when the size of 
the particles/oil droplets is lower than that of mem-
brane pores. An internal pore blocking is produced 
due to the adsorption of particles/oil droplets onto the 
membrane pore walls. As a result, the standard pore 
blocking model only predicts accurately permeate fl ux 
decline with time when variations in permeate fl ux with 
time are big [14].

Results illustrate that the fi tting of the standard 
blocking mechanism to the experimental results is not 
good for mullite ceramic membrane. It must be noted 
that the highest deviations between experimental and 
predicted fl ux decline were observed for the same exper-
imental conditions as in the case of the complete block-
ing model. The average percentage error of predicated 

Fig. 8. Permeate fl ux predicted by the cake layer formation 
model at different cross fl ow velocity with time (pressure 
3 bar, oil concentration 1000 ppm and temperature 25 °C).

Fig. 9. Permeate fl ux predicted by the intermediate pore 
blocking model at different cross fl ow velocity with time 
(pressure 3 bar, oil concentration 1000 ppm and temperature 
25 °C).

Fig. 10. Permeate fl ux predicted by the standard pore block-
ing model at different cross fl ow velocity with time (pressure 
3 bar, oil concentration 1000 ppm and temperature 25 °C).

Fig. 11. Permeate fl ux predicted by the complete pore block-
ing model at different cross fl ow velocity with time (pressure 
3 bar, oil concentration 1000 ppm, and temperature 25 °C).
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 fl ux is low and for cake layer formation model, inter-
mediate, standard and complete pore blocking model is 
5.9%, 6.55%, 7.5% and 8.45%, respectively.

Figs. 16–19 illustrate that the fi tting of the pore block-
ing mechanisms to the experimental results is good for 
mullite membrane at different concentration of oil. Low-
est deviations between experimental and predicted fl ux 
decline were observed in cake fi ltration model.

The cake layer fouling mechanism occurs when parti-
cles/oil droplets are much greater than the membrane pore 
size. Consequently, they are unable to enter the membrane 

Fig. 12. Permeate fl ux predicted by the cake layer formation 
model at different temperature with time (pressure 3 bar, 
fl ow rate 1.5 m/s and oil concentration 1000 ppm).

Fig. 13. Permeate fl ux predicted by the intermediate pore 
blocking model at different temperature with time (pressure 
3 bar, fl ow rate 1.5 m/s and oil concentration 1000 ppm).

Fig. 14. Permeate fl ux predicted by the standard pore block-
ing model at different temperature with time (pressure 
3 bar, fl ow rate 1.5 m/s, oil concentration 1000 ppm).

Fig. 15. Permeate fl ux predicted by the complete pore block-
ing model at different temperature with time (pressure 
3 bar, fl ow rate 1.5 m/s and oil concentration 1000 ppm).

Fig. 16. Permeate fl ux predicted by the cake layer forma-
tion model at different oil concentration with time (pressure 
3 bar, fl ow rate 1.5 m/s and temperature 35 °C).

Fig. 17. Permeate fl ux predicted by the intermediate pore 
blocking model at different oil concentration with time 
(pressure 3 bar, fl ow rate 1.5 m/s and temperature 35 °C).

Fig. 18. Permeate fl ux predicted by the standard pore block-
ing model at different oil concentration with time (pressure 
3 bar, fl ow rate 1.5 m/s and temperature 35 °C).
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pores. Some of the main factors that have an infl uence on 
the cake layer resistance are: Oil droplets deformation, 
cake compression and cake layer thickness [15].

Oil droplets deformation may increase the packing 
density of the cake layer formed and therefore it may 
favor a higher cake resistance and a lower permeate 
fl ux. The denser the cake layer formed is the faster fl ux 
decline is obtained. Results show that average percent-
age error of predicated fl ux for cake layer formation 
model, intermediate pore blocking model, standard 
pore blocking model and complete pore blocking model 
is 7.64%, 11.83%, 14.75% and 16.70%, respectively.

These experimental results indicate that different 
fi ltration mechanisms could be applied simultaneously 
for the description of the fi ltration data, which were 
found during cross fl ow MF of the present oil-in-water 
emulsions.

4. Conclusions

One of the treatment techniques used for oil separa-
tion from oil-in-water emulsions is membrane fi ltration. 
In this work, mechanisms of fl ux decline of synthetic 
mullite ceramic microfi ltration membranes for treat-
ment of oil-in-water emulsions was investigated. For 
that purpose Hermia’s models were used. Experimental 
results of permeate fl ux versus time were compared to 
the Hermia’s fouling models. The best fi t to experimen-

tal data corresponded mullite ceramic membrane to the 
cake layer formation model for all the experimental con-
ditions tested. Also, permeate fl uxes that predicted by 
intermediate pore blocking models showed good agree-
ment with the experimental data.

After cake fi ltration model, the best fl ux predicted to 
the experimental data was intermediate pore blocking 
model and worst predicted fl ux was for complete pore 
blocking model.
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