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A B S T R AC T

This paper presents performance of a microfi ltration (MF) ceramic membrane for treatment 
of oily wastewaters. Mullite MF membranes were synthesized from kaolin clay. The effects of 
different operating parameters such as pressure (0.5–4 bar), volumetric fl ow rate (0–2 m/s), 
temperature (15–55°C), oil concentration (250–3000 ppm) and salt concentration(0–200 g/l) 
on permeate fl ux (PF), fouling resistance (FR), fouling and rejection (R) were investigated. 
In order to determine the best operating conditions, 250–3000 ppm condensate gas in water 
emulsions were employed as synthetic feed. The rejection of total organic carbon (TOC) for 
the synthetic feeds was found to be more than 94%. The results show that by increasing tem-
perature and pressure, the PF increases. Also, by increasing oil content and salt concentration, 
the membrane is fouled rapidly and the PF decreases. At low salt concentration (0–25 g/l), 
PF increases with increasing salt concentration, but at high salt concentration (25–200 g/l), 
it decreases with increasing salt concentration. Increasing volumetric fl ow rate causes PF to 
increase and FR reduce.

Keywords:  Ceramic membrane; Oil in water emulsions; Fouling; Rejection; Wastewater treatment;
Microfi ltration

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). Environmental regulations 

require that maximum total oil and grease concentration 
in discharge waters to be 10–15 mg/l [1–3]. Major pol-
lutant 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 ca-
tion effi ciency and crude oil nature. Removing oil from 
oil-in-water (oily water) is an important aspect of pol-
lution control. In recent years, stringent legislation has 
been implemented regarding the discharge consent of 
oily wastewater. In wastewater treatment plants, many 
traditional techniques are used for separation of oily 
wastewater. Free oil can be easily separated by mechani-
cal means such as gravity settling (API separator), 
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 skimming, dissolved airotation, coalescence and cen-
trifuging. For unstable or primary emulsions which 
contain oil droplets of diameter greater than 100 μm, 
chemical separation techniques such as occulation and 
coagulation are applied. But the above techniques have 
limitations for separation of secondary emulsions which 
contain oil droplets of diameter less than 20 μm. Mem-
brane separation, developed in the last 50 years, is one 
of the alternative techniques for separating secondary 
emulsions [4]. Membrane fi ltration is playing a very 
prominent role in treatment of oily wastewaters due 
to its advantages: no chemical additives are needed to 
break the emulsions, high chemical oxygen demand 
(COD) removal effi ciencies are achieved and treatment 
facilities are quite compact and fully automated [5]. 
Many studies have been done on oily wastewater treat-
ment with different membranes [6–12].

Most of the reported investigations mainly have 
focused on treating oily waste waters having oil concen-
tration equal to or higher than 1000 ppm. Treatment of 
oil-in-water emulsions using hydrophilic membranes 
has more often been reported than hydrophobic mem-
branes [13–15]. Since it is generally accepted that hydro-
philic materials are less sensitive to adsorption compared 
to hydrophobic ones; thus this may be considered as a 
key to reducing FR and enhancing PF [16–17].

Ceramic membranes have been known for years 
and used in many different applications depending on 
their numerous advantages: stability at high tempera-
tures and pressure resistance, good chemical stability, 
high mechanical resistance, long life and good antifoul-
ing properties. Nowadays, ceramic membranes can be 
obtained with high separations coeffi cient, but at the 
same time, this fact supposes low permeate fl uxes. For 
each application, it is necessary to look for the adequate 
combination between selectivity and permeation. In the 
literature, there are excellent works about of the treat-
ment of oily wastewaters with ceramic membranes. 
All of them successfully reduce the oil concentration in 
water. The reported studies mainly focus the fi ltration 
of oily waters for industrial applications from refi nery 
processes. Ceramic MF membrane can be made from 
alumina, mullite, cordierite, silica, spinel, zirconia and 
other refractory oxides [18–19]. Symmetric ceramic 
membranes are obtained by various methods such as 
extrusion and slip-casting of ceramic powders with the 
addition of binders. In order to decreases size of holes 
in surface of membranes for better separation, asym-
metric ceramic membranes prepared by sintering or by 
sol-gel processes. Therefore these membranes become 
very expensive. In these membranes, mullite ceramic 
membranes have very high chemical and thermal sta-
bility and are very cheap because they can be prepared 
by extruding and calcining kaolin clay. Price of zenooz 

mind kaolin is only 1 $/kg. Approximate price of pre-
pared membranes in this research is about 266 $/m2. It 
must be noted that performance and rejection of these 
membrane is scantiness lower than existing expensive 
ceramic membranes.

In this research, capabilities of synthetic MF mullite 
ceramic membranes for treatment of synthetic oil-in-
water emulsions were studied. The effect of infl uencing 
parameters such as pressure, volumetric fl ow rate, con-
centrations of oil and salt and temperature on PF, FR, 
fouling and R were investigated.

2. Experimental

2.1. Theory

PF, FR, fouling and R are important parameters in 
design and construction of MF separation units. PF 
shows the amount of permeate or the product rate. FR 
and fouling represents the amount of cake/gel layer 
formed on the membrane surface and the fl ux decline. 
To measure MF effi ciency for treatment of oil-in-water 
emulsions, R is also utilized. PF is measured gravi-
metrically with an electronic balance via weighting the 
permeate. In MF process, separation performance of a 
membrane is denoted in terms of % R of TOC or any 
other feed components which is calculated as follows:

R(%) ( )C Cp fC × 100  (1)

where Cp represents concentration of a particular com-
ponent in permeate, while Cf is its feed concentration. 
PF is volume of permeate (V) collected per unit mem-
brane area (A) per unit time (t):

PF = ( )  (2)

FR is calculated as follows (Mohammadi, 2007):
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where ΔP is pressure gradient, μ is feed viscosity, PFwi is 
initial water fl ux and PFww is fi nal water fl ux (after fouling).

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 surface 
area in contact with the feed was equal to 110 cm2. The 
MF cell was installed in a system according to Fig. 1 and 
all the industrial reservations were considered during 
the experiments.
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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 tem-
perature, operating pressure and linear fl ow velocity 
could be tuned and controlled. The system mentioned 
above had a vessel with a capacity of 10 l. This vessel 
had a heater to heat the feed or to keep it at a constant 
temperature and also a stirrer in order to keep the feed 
uniform. The feed temperature was controlled by a digi-
tal thermometer with an accuracy of ±0.1°C. A tubular 
heat exchanger was used to control the feed tempera-
ture. Temperature, pressure and fl ow rate were tuned 
and controlled simultaneously.

2.3. Membrane preparation

In this research, mullite MF membranes were syn-
tsised from kaolin clay. The kaolin material used 
obtained from the Zenooz mine in Marand, Iran. The 
chemical analysis of kaolin is listed in Table 1. Cylindri-
cal shaped (tubular) membranes (i.d.: 9 mm, o.d.:14 mm 
and l:30 cm) were conveniently made by extruding a 
mixture of about 62–69% kaolin clay and 38–31% dis-
tilled water using an extruder. The cylindrical shaped 
membrane were then dried at room temperature 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.

The mullitization reaction takes place when kaolin 
clay is utilized as the sole source of silica and alumina. 
The reaction can be represented by the following equation 

where the approximate chemical formula for kaolin (with-
out the water of hydration) is given as Al2O3 ⋅ 2SiO2 and 
the formula for mullite is given as 3Al2O3 ⋅ 2SiO2:

l O 2SiO 3Al O 2SiO 4SiO2 3O 2 23 3 22SiO 2⋅( ) → ⋅3Al O3Al 3 +  (4)

The term represented by 4 SiO2 is the free silica gen-
erated as a result of the conversion. This free silica was 
leached and then porous mullite bodies were prepared. 
Mullite has several distinct advantages over other bod-
ies such as alumina. Since these bodies are heated to 
high temperatures to achieve the mullite conversion 
reaction, strong inter-crystalline bonds between mullite 
crystals, are formed and this results in excellent strength 
and attrition. Leaching time depends on several factors 
including the quantity of free silica to be removed, the 
porosity of the body prior to leaching, concentration of 
the leaching solution and temperature [20].

Free silica was removed from the calcined membrane 
by leaching with strong alkali solutions. Removal of this 
free silica causes microporous tubular ceramic mem-
brane to be made with very high porosity. Free silica 
removal was carried out with aqueous solutions con-
taining 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 41%. PF of the membrane before and after 
free silica removal at Pressure (1 bar), Temperature 
(25°C) and fl ow rate (1 m/s) for distillated water are 18 
and 35 (lit/m2 ⋅ h), respectively. Fig. 2 shows the surface 
and cross section of the synthetic mullite ceramic mem-
brane. SEM analysis confi rmed that the maximum pore 
diameter of synthesis membranes is 5 μm. The surface 
charge of ceramic membrane is anionic and that contact 
angle is 16o. Characterization of membranes with mer-
cury porosemetery method shows that Total cumula-
tive volume is 0.063 (cc/g), Total specifi c surface area is 
10.27 (m²/g) and Average pore radius of membranes is 

Fig. 1. Microfi ltration setup.

Fig. 2. SEM micrographs of the mullite membrane: (A: sur-
face 15000 X) and (B: cross-section 30000 X).

Table 1
Analysis of kaolin clay

Component Percent Phases Percent

SiO2 61.62 Kaolinite 64
TiO2 0.4
Al2O3 24–25 Illite 2.4
Fe2O3 0.45–0.65
K2O 0.4 Quartz 27
Na2O 0.5
LOI 9.5–10 Feldspar 6.6
Total 100 100
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0.289 μm. In addition, Fig. 3 shows particle size distribu-
tion of mullite membranes.

2.4. Feed

Oil in water emulsions (oily waters) were prepared 
by various mixing of condensate gas (C8–C12) and distil-
lated water with an addition of approximately 0.01wt.% 
Triton X-100 emulsifi er to the mixture for stabilized 
emulsion. Condensate gas from Seraje Ghom, Iran was 
used for the preparation of the oil-water emulsions. 
A blender mixed the oil and water at high shear rates 
(6000 rpm) for 30 min. Under these conditions, emul-
sions have a high stability for employing in microfi ltra-
tion experiments. Particle size distribution of oil droplets 
in 1000 ppm oil-in-water emulsions has been shown in 
Fig. 4. Under these conditions, emulsions have high 
stability for employing in the MF experiments because 
after 12 h of mixing, don’t separate in two phase.

2.5. Analysis of samples

Scanning Electron Microscopy (SEM) used in this 
work was Philips model XL30. Samples for measure-

ments of the feed and the permeate total suspended 
solids (TSS), chemical oxygen demand (COD), turbidity 
and total organic carbon (TOC) were taken as needed 
and analyzed by the procedure outlined in standard 
methods. TOC and Turbidity were estimated using TOC 
Analyzer (Model DC-190) and Turbidimeter (Model 
2100A HACH), respectively.

3. Results and discussions

3.1. Effects of operation conditions on performance of the MF 
membranes

3.1.1. Effect of pressure

According to the Darcy’s law, increasing pressure 
increases PF, however, fouling restricts this funda-
mental law. Increasing pressure makes the oil droplets 
more compact on the membrane surface and blocks 
the membrane pores [21–24]. Thus, at an best pressure, 
PF is high, while tendency to cake/gel layer formation 
is low [21,24]. Effects of pressure on PF, FR and R are 
presented in Figs. 5(a) and 5(b). It can be observed that, 
with increasing pressure up to 2 bar, PF increases lin-
early, however, at higher pressure it is nearly constant. 
This can be due to compression of the cake/gel layer 
formed on the membrane surface at high pressure. As 
shown in Fig. 5(a), until a pressure of 2 bar, FR increases 
slightly with pressure. This can also be due to low ten-
dency to cake/gel layer formation at lower pressure up 
to 2 bar, and as a result, the FR growth rate is low, how-
ever, after that at higher pressure FR more signifi cantly 
with pressure because the cake/gel layer on the mem-
brane becomes denser.

Fig. 5(b) presents effect of pressure on TOC R. The 
results indicated that R increases slightly with increas-
ing pressure. This can also be due to formation of the 
thicker cake/gel layer, where this layer traps oil drop-
lets among sediment pores and does not let them pass 
through the membrane.

To achieve an best design, obtaining the maximum PF 
and considering the minimum investments and operat-
ing costs are needed and this means that it is very impor-
tant to have a membrane with the most effective service 
time. Primarily, the membrane service time and its PF are 
affected by concentration polarization (caused by accu-
mulation of solutes) and fouling (formation of a sticky 
cake/gel layer and/or an irreversible cake/gel layer).

Thus, a pressure of 3 bar can be considered as the 
best operating pressure. Because at higher pressure, 
cake/gel layer becomes denser, while PF and R does not 
change any more.In order to observe the effect of pres-
sure on PF as a function of time, some experiments were 
carried out at a cross fl ow velocity (CFV) of 1 m/s and 
temperature of 25°C as presented in Fig. 5(c). In general, 

Fig. 4. Particle size distribution of oil droplets in oil in water 
emulsion with 1000 ppm oil concentration.

Fig. 3. Pore size distribution of mullite ceramic membranes 
measured by mercury prosimetery method.
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the results illustrated that increasing pressure leads to 
higher PF values according to According to Darcy’s 
Law. However, at higher pressures, the cake/gel layer 
formed on the membrane surface is more compressed. 
This accelerates the membrane fouling [21,24−26]). 
Thus, at best the pressure, PF is high and tendency to 
the cake/gel layer formation is low.

3.1.2. Effect of fl ow rate

Increasing fl ow rate increases mass transfer coef-
fi cient in the concentration boundary layer and also 
increases the extent of mixing over the membrane sur-
face. This can reduce aggregation of the feed compo-
nents in the gel layer, and as a result, the oil droplets on 
the membrane surface diffuse back to the bulk solution, 
so the concentration polarization effects diminish. This 
increases the effective pressure gradient consequently, 
and thus, PF increases [2,24,27–30]. In Figs. 6(a,b and c), 
effects of fl ow rate on PF, FR and R are presented. It can 
be observed that PF increases with increasing fl ow rate. 
The infl uence of two different fl ow rates on PF was also 
compared. At dead end fi ltration (fl ow rate equal 0 m/s), 
there is no turbulency so the cake/gel layer can be formed 
easily. Therefore, maximum fouling is observed and PF 
reduced consequently. At low fl ow rates (0.5 m/s), little 
turbulency is made so the oil droplets on the membrane 
surface diffuse back to the bulk solution, and as a result, 
there is low sediment formation. Thus, PF increase.

Fig. 5(a). Variation of PF and FR with pressure (Flow Rate 
1 m/s, oil concentration 1000 ppm, salt concentration 0 ppm 
and temperature 25°C).

Fig. 5(b). Variation of TOC R with pressure (Flow Rate 1 m/s, 
oil concentration 1000 ppm, salt concentration 0 g/l, and 
temperature 25°C).

Fig. 5(c). Variation of PF with time as a function of pressure 
(Flow rate 1 m/s, oil concentration 1000 ppm, salt concentra-
tion 0 ppm, and Temperature 25°C).

Fig. 6(a). Variation of PF and FR with fl ow rate (Pressure 3 
bar, oil concentration 1000 ppm, salt concentration 0 ppm 
and temperature 25°C).

Fig. 6(b). Variation of TOC R with fl ow rate (Pressure 3 bar, 
oil concentration 1000 ppm, salt concentration 0 g/l, and 
temperature 25°C).
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As shown in Fig. 6(a), increasing fl ow rate increases 
Reynolds number and this enhances turbulency, and 
as a result, PF increases. This is due to reduction of 
concentration polarization effects. Turbulency on the 
membrane surface is enhanced by increasing fl ow rate. 
Therefore, the oil droplets on the membrane surface 
return to the bulk solution and concentration polariza-
tion effects diminish [24,31,32].

In Fig. 6(b), the effect of fl ow rate on fractional TOC 
R is shown. According to these results, increasing fl ow 
rate causes lower R. This is due to removing the oil 
layer from the membrane surface. This oil layer acts as 
a dynamic membrane or a barrier against the passage of 
oil droplets through the membrane.

Variation of PF with time at different fl ow rates, at a 
pressure of 3 bar is presented in Fig. 6(c). PF proportion-
ally increases with increasing feed fl ow rate. Increasing 
fl ow rate increases both the mass transfer coeffi cient 
in the concentration polarization boundary layer and 
the degree of mixing near the membrane surface, due 
to less accumulation of the cake/gel layer on the mem-
brane surface and higher FR. This reduces concentration 
polarization effects and increases PF [2,24,33]. The same 
as other results obtained, PF reaches to a constant value 
after 2 h depending on the fl ow rate value.

Considering that higher fl ow rates leads to more 
power consumption for pumping so the choice of very 
high fl ow rates is not economically feasible. Therefore, 
the best fl ow rate is 1.5 m/s. By considering cross section 
of membranes (A = 6.36 × 10−5 m2), 1.5 m/s cross fl ow 
velocity is equal to 344 l/h fl ow rate and for 2 m/s is 
467 l/h at condition that pressure is 3 bar. Results from 
Figs. 6(a and b) show that by increasing fl ow rate from 
344 l/h to 467 l/h at 3 bar pressure, we don’t see sig-
nifi cant enhancement of PF and also rejection decreases. 
Therefore it is better to operate process at 1.5 m/s cross 

fl ow velocity; else we must use bigger pump with higher 
energy consumption.

3.1.3. Effect of temperature

As shown in Fig. 7(a), increasing operating tempera-
ture increases PF. Also increasing temperature decreases 
the feed viscosity, and as a result, increases the solvent 
and the solutes permeabilities (diffusivities) [2,19,32]. As 
observed in Fig. 7(a), increasing temperature decreases 
the membrane fouling and this is due to increasing the 
oil solubility. Thus, PF increases.

According to the results, increasing temperature 
decreases the R (as observed in Fig. 7(b)). This can also 
be due to the viscosity effect. At higher temperatures, oil 
and grease can more easily permeate through the mem-
brane.

The results show that the best temperature of 35°C 
can be recommended to achieve high PF and low FR at 
low operating costs.

Effect of temperature is signifi cant on PF and this 
can be represented via Arenius equation [22]:

Fig. 6(c). Variation of PF with time as a function of fl ow rate 
(Pressure 3 bar, temperature 25°C, oil concentration 1000 
ppm and salt concentration 0 ppm).

Fig. 7(a). Variation of PF and FR with temperature (Pressure 
3 bar, fl ow rate 1.5 m/s, oil concentration 1000 ppm and salt 
concentration 0 ppm).

Fig. 7(b). Variation of TOC R with temperature (Pressure 3 
bar, fl ow rate 1.5 m/s, oil concentration 1000 ppm and salt 
concentration 0 g/l).
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j APAP ( )E RTPE−exp  (5)

where Ap is the pre-exponential coeffi cient and Ep is 
nominal activation energy of permeation. Also, accord-
ing to Darcy’s Law, increasing temperature increases PF 
and the experimental data confi rm this expectation. It 
is because viscosity decreases and diffusivity increases 
at elevated temperatures ([2,24]). Fouling experiments 
were carried out at different temperatures. The results 
are shown in Fig. 7(c). As mentioned before, PF reduces 
with time but generally after 2 h reaches to a constant 
value depending on the operating temperature. As 
observed, at higher temperatures, due to lower viscosi-
ties and higher difusivities, PF is higher [24].

3.1.4. Effect of oil concentration

Fig. 8(a). shows the effects of oil concentration on PF. 
Solutions with oil concentrations of 250, 500, 1000, 2000 

and 3000 ppm were prepared. By increasing the concen-
tration from 250 to 3000 ppm, PF decreases because a 
layer of oil forms on the membrane surface. At lower 
concentrations, the oil layer formed on the membrane 
surface can be removed by hydrodynamic action of fl ow. 
But at higher concentrations, the hydrodynamic action 
can not remove the oil layer. By increasing the operation 
time, this layer becomes thicker and PF decreases [24].

Fig. 8(b) also shows the average TOC R at various 
oil concentrations. The R increases from 85.4 to 97.8% 
with increasing the oil concentration steadily from 250 
to 3000 ppm.

Fouling experiments were carried out at different 
concentrations and the results are shown in Fig. 8(c). 
As shown, PF decreases quickly at the beginning of the 
fi ltration for all concentrations. Also, the PF decline is 
more severe at higher concentrations. This is because of 
higher growth rates and thicker layers at higher concen-
trations.

Fig. 7(c). Variation of PF with time as a function of tempera-
ture (Pressure 3 bar, fl ow rate 1.5 m/s, oil concentration 
1000 ppm and salt concentration 0 ppm).

Fig. 8(a). Variation of PF and FR with oil concentration (Pres-
sure 3 bar, fl ow rate 1.5 m/s, salt concentration 0 ppm and 
temperature 35°C).

Fig. 8(b). Variation of TOC R with oil concentration (Pres-
sure 3 bar, fl ow rate 1.5 m/s, salt concentration 0 g/l and 
temperature 35°C).

Fig. 8(c). Variation of PF with time as a function of oil con-
centration (Pressure 3 bar, fl ow rate 1.5 m/s, salt concentra-
tion 0 ppm and temperature 35°C).
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 3.1.5. Effect of salt concentration

Fig. 9(a) shows variations of PF at various salt (NaCl) 
concentrations (25–200 g/l). As shown, by addition of 
the salt up to 25 g/l, PF increases and FR decreases 
but increasing the salt concentration from 25 to 200 g/l 
causes PF decrease and FR to increase. There are still 
many debates on the effect of salt concentration on PF 
[8,33–35]. It can be said that at low salt concentration (25 
g/l), high ionic concentration tends to diminish thick-
ness of the double layer around the emulsion droplets, 
thereby reducing the electrostatic barrier to coalescence, 
causing high PF and low FR [33]. While at higher salt 
concentration (50–200 g/l), the viscosity of emulsion 
increases and the salt crystals foul the membrane pores 
because of concentration polarization of the salt on the 
membrane surface, so PF decreases and FR increases (As 
seen in Fig. 9(b)).

The effect of salt concentration on the TOC R is 
shown in Fig. 9(c). The results show that the average 
TOC R is almost the same at different salt concentra-
tions. In fact, the average TOC R is changes from 94.0 to 
95.5% when the salt concentrations increase from 25 to 

200 g/l. The salt R by the mullite ceramic membrane is 
very low and is about 5–10%.

3.2. Performance of the MF membranes at best operating 
conditions

The effect of time on PF at the same operational condi-
tions (best conditions of 3 bar pressure, 1.5 m/s volumet-
ric fl ow rate, 35°C temperature, 1000 ppm oil-in-water 
emulsion and 25 g/l salt concentration) is presented in 
Fig. 10. The results show that PF is nearly constant with 
time after initial sharp decline. This confi rms that the 
optimal operational conditions were selected correctly. 
During the fi rst 2 h of fi ltration, PF steeply decreases. 
This is followed by a relatively smoother decrease and 
fi nally remains almost constant during the last hour of 
fi ltration. This can be attributed to the accumulation 
of droplets oil on the membrane surface and the mem-
brane pores. Table 2 represents characteristics of the MF 
permeate. From the results presented in Table 2, it can 
be observed that the treatment effi ciency of MF is quite 
high. This can be attributed to the hydrophilic nature 
of ceramic membrane material, resulting in a very high 
effl uent quality. Analysis of the permeate revealed very 
high R for TOC (94.5%) and COD (89%) along with 

Fig. 9(a). Variation of PF and FR with salt concentration 
(Pressure 3 bar, fl ow rate 1.5 m/s, oil concentration 1000 ppm 
and temperature 35°C).

Fig. 9(b). Variation of PF with time as a function of salt con-
centration (Pressure 3 bar, fl ow rate 1.5 m/s, oil concentra-
tion 1000 ppm and temperature 35°C).

Fig. 9(c). Variation of TOC R with salt concentration (Pres-
sure 3 bar, fl ow rate 1.5 m/s, oil concentration 1000 ppm and 
temperature 35°C).

Fig. 10. Variation of PF with time at best operating condi-
tion (Pressure 3 bar, fl ow rate 1.5 m/s, oil concentration 1000 
ppm, salt concentration 25 g/l and Temperature 35°C).
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complete rejection of turbidity and TSS with a reason-
ably high PF of 75.5 l/(m2h).

Because the mullite ceramic membrane is hydro-
philic, the bond between kaolin and the oil layer is very 
weak and can be broken easily. Therefore, fouling of 
this membrane is not a major problem, and after 2 h the 
FR is lower than 30% for a concentration of 1000 ppm. 
From high chemical and thermal stability of mullite 
membranes we can select a lot of chemical agent such 
as NaOH, ethylene diamine tetra acetic acid disodium 
salt-2-hydrate (EDTA), sodium dodecyl sulfate (SDS) 
and etc. It must be noted that chemical cleaning mainly 
involves the dissolution of the material from the mem-
brane surface and several factors could affect chemical 
cleaning process. These are: temperature, pH, cleaning 
time and operation conditions such as CFV [32].

4. Conclusion

In this work, treatment of oil-in-water emulsions with 
synthetic mullite ceramic microfi ltration membranes 
was investigated. According to the obtained results, it 
can be concluded that MF with mullite ceramic mem-
branes can be used as an advanced method for treat-
ment of the oily waste waters. The results showed that, 
MF is a feasible and advantageous method for treatment 
of desalter wastewater effl uent. This membrane is very 
cheap because it can be prepared by extruding and cal-
cining kaolin clay, which comes from the Zenooz mine 
(Approximate price of prepared membrane is about 
266 $/m2) [20]. The results indicated that the ceramic 
membrane performs high PF and R. The results also indi-
cated that R increases slightly with increasing pressure, 
salt concentration and oil concentration, also it decrease 
with increasing volumetric fl ow rate and temperature. 
It was observed that PF increases with increasing vol-
umetric fl ow rate, temperature and pressure, while it 
decreases with increasing oil concentration. At low salt 
concentration (0–25 g/l), PF increases with increasing 

salt concentration (72.7 to 79.35 l/m2h), but at high salt 
concentration (25–200 g/l), it decreases with increasing 
salt concentration (79.35 to 52.93 l/m2h). Increasing vol-
umetric fl ow rate and temperature causes FR to reduce. 
The results also showed that the MF treatment is very 
effective in reduction of TOC (94.5%), TSS and turbidity 
(about 100%), while it is relatively less effective in reduc-
tion of COD (89%) and TDS. The salt R by the mullite 
ceramic membrane is very low and is about 5–10%. The 
results showed that a pressure of 3 bar, a fl ow rate of 
1.5 m/s, a temperature of 35°C, an oil concentration of 
1000 ppm and a salt concentration of 25 g/l are the best 
operating conditions. PF of membranes at this condition 
after 7 h is 75.5 l/(m2h).

Symbols

A — Cross section area of membrane (m2)
C — Concentration (mg/l)
COD — Chemical oxygen demand (mg/l)
CFV — Cross-fl ow velocity (m/s)
d —  Internal diameter of tubular membrane (m)
FR — Fouling resistance
JW — Flux of pure water (l/m2h)
L — Tubular membrane length (m)
P — Pressure (Pa)
PF — Permeate fl ux (l/m2h)
PFwi — Initial water fl ux (l/m2h)
PFww —  Final water fl ux (after fouling) (l/m2h)
t — Time (s)
T — Temperature (?C)
TDS — Total dissolve solids (mg/l)
TOC — Total organic carbon (mg/l)
TSS — Total suspended solids (mg/l)
u — Cross-fl ow velocity (m/s)
DP — Pressure gradient (Pa)
μ — Dynamic viscosity (kg/ms)
ρ — Density (kg/m3)
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