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abstract
A supported γ-Al2O3 nanofiltration (NF) membrane was prepared from colloidal dispersions of 
bohemite via a sol–gel method. The structure and morphology of the membrane were character-
ized by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The pore mean 
diameters were determined by nitrogen adsorption measurements. The filtration properties of the 
membrane were tested by cross flow nanofiltration using oil-in-water emulsion. The influence of 
the parameters such as transmembrane pressure (TMP), cross flow velocity (CFV) and oil concen-
tration in feed were investigated by the measurements of permeate flux and total organic carbon 
(TOC). The removal efficiency higher than 90% was obtained under all experimental conditions.
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1. Introduction

Investigation of the membrane separation process for 
oily water treatment was started around 1973, particularly 
using ultrafiltration (UF) and reverse osmosis [1]. Ander-
son and Saw [2] investigated the effect of the modification 
of the membrane surface with surfactants on the perfor-
mance of cross flow membrane filtration of low concen-
tration (0.18%, v/v) emulsion of cotton seed oil-in-water, 
using a mixed ester asymmetric MF membrane. Scott et 
al. [3] reported in 1994 that they observed a total loss of 
rejection in the microfiltration of suspensions of decanol 
in water, using an MF membrane of mixed cellulose ni-
trate and tri-acetate. They insisted that the separation of 
micron or submicron emulsions would require the use of 
ultrafiltration membranes. Koltuniewiez et al. [4] inves-
tigated MF for the separation of oil-in-water emulsions, 

using three types of MF membranes. They performed 
simultaneous experiments in both dead-end and cross 
flow modes at various pressures, and in the latter case at 
different cross flow velocities. In the studies described 
above, mainly organic membranes have been used. [4–6] 

Reverse osmosis and NF are useful for polishing the 
final effluent in wastewater treatment in large volume 
applications [7]. During the last decade, the interest in 
the use of membrane technology in general and NF in 
particular has emerged in wastewater treatment as well 
as drinking water and process water production [8]. NF 
has proven to be a very effective method for the removal 
of a wide variety of organic compounds from aqueous 
solution [9]. NF operations normally produce a higher 
water flux and can often operate at lower pressures, 
which reduce energy consumption in relation to reverse 
osmosis [10]. 

Ceramic NF membranes are of great interest in 
separation technology because of their higher chemical, * Corresponding author.
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thermal and mechanical stability compared to organic 
membranes [11]. 

Many studies on membrane separation for oily 
wastewater treatment have been reported, particularly in 
ultrafiltration (UF) and reverse osmosis (RO) with organic 
membranes [12–15]. However, few studies are related to 
the application of inorganic ceramic membranes on oily 
wastewater treatment [16]. Ceramic membranes can also 
be used to efficiently separate emulsions [17].

In the present study, alumina NF membranes were 
fabricated by the sol–gel method and applied for removal 
of oily hydrocarbon contaminated from wastewater.

2. Experimental

2.1. Preparation of NF membranes 
Aluminum-tri-sec butylate ([C2H5CH (CH3)O]3Al)  

was hydrolyzed in water at 80°C (molar ratio [water]/
[ASTB] = 100) and the white precipitated boehmite was 
maintained under vigorous agitation for 30 min. Addi-
tion of 0.12 mole of nitric acid per mole of aluminum, 
from an aqueous HNO3 solution, 1.5 mol l–1, allowed the 
peptisation of the boehmite suspension. The resulting 
sol was stable [19].

The supports consisted of disk-shaped with a diameter 
of 30 mm and a thickness of 2 mm. The supports were 
prepared from dry pressing of Al2O3 powder of high 
quality (>99% purity, Across Co.) at a pressure of 415 Mpa 
and firing at 1500°C for 2 h. 

The γ-alumina nanofiltration membrane was prepared 
from a colloidal sol, an organic binder; the polyvinyl al-
cohol (12 wt% in aqueous solution) was added to the sol 
to adjust the viscosity. The viscous sol was then deposited 
for 30 min by dip coating on the former mentioned sup-
port. The membrane was then dried at room temperature 
during 24 h, and the gel layer was fired 2 h at the tem-
perature of 500°C with a heating rate of 2°C /min.

Before the experiments, the membrane was immerged 
in ultra pure water for 18 h to obtain a stable flux at the 
beginning of the filtration.

2.2. Structural characterization
SEM (model VEGA/TESCAN) and AFM )Thermomi-

cros Copes AutoProbe, USA) were used to characterize 
the membrane morphology, that is, the thickness and 
homogeneity along the support. The pore size distribu-
tion was determined from N2 adsorption–desorption on 
a Micromeritics ASAP 2010 automated sorption analyzer. 
The Barret–Joyner–Halende (BJH) method was used to 
determine the pore mean size. The sample was outgassed 
at 300°C before the analysis.

 
2.3. Nanofiltration experiments

2.3.1. Sample preparation
The oil-in-water emulsion as synthetic oily waste-

water was prepared by emulsifying 0.35 ml of gas oil in 
1000 ml of distilled water with 0.035 ml of the surfactant, 
polyoxyethylene sorbitan trioleate (Tween 85), using a 
homogenizer (Philips) at 6000 rpm for 20 min. All the 
emulsions obtained were very stable. Feed concentrations 
of solutes were maintained approximately at 350 mg.kg–1 
in order to neglect the effect of osmotic pressure on the 
permeate stream.

2.3.2. Experimental set-up and operation

NF experiments were performed in cross flow equip-
ment on a laboratory scale (Fig. 1). Flat sheet membranes 
with an effective membrane area of 4.5 cm2 were used. 
The applied transmembrane pressure was in the range 
of 0.7–1.1 MPa, the cross flow velocity was between 
0.56–2.8 m/s. The volume of feed solution was 20 L. 
The heat exchanger was used in order to keep the fluid 
temperature in the feed tank constant at 30±1°C. The oil-
in-water emulsion was transferred from the feed tank to 
the NF membrane module by a centrifugal pump. The 
permeate sample was collected in a sample vessel and 
the permeate flux was measured as a function of time by 
weighing the permeate with an electronic balance.

2.3.3. Analytical methods

The permeate flux was continuously measured by 
weighing the amount of the permeation at the operation 
time and taking into account a filtration effective area of 
4.5 cm2. The total organic carbon (TOC) content in the 
feed stream and the permeate stream was determined by 
a total carbon analyzer (Rosemount analytical, DC-190, 
America). The oil hydrocarbon rejection efficiency was 
evaluated with the value of TOC rejection (RTOC), which is 
defined as RTOC (%) = (TOCfeed – TOCpermeate)/ TOCfeed × 100.

Fig. 1. Schematic experimental apparatus for NF.
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3. Results

3.1. Morphology and structural characterization

Fig. 2a shows a SEM image of the top surface of the 
uncoated ceramic support. It can be observed that the top 
surface of the support contains both the macropores and 
mesopores. Figs. 2b and 2c present the SEM image of the 
top surface and cross section of γ-Al2O3 layer deposited 
on the support, respectively. It can be observed from 
Fig. 3b that the top layer contains nanopores. By looking 
at Fig. 2c, an average thickness of 1.5 µm can be estimated 
for the γ-Al2O3 layer deposited on the support.

Also, as shown by the AFM image (Fig. 2d), it con-
firms the smooth appearance of the top layer made by 
the sol–gel procedure. Therefore, it is apparent that a 
relatively thin and a very homogeneous membrane top 
layer were formed. 

Figs. 3a and 3b show the pore size distribution mea-
sured of N2 adsorption–desorption isotherms for the 
samples of the support and the formed γ-Al2O3 layer. The 
results show that the distribution of the pore size at the 
support and γ-Al2O3 layer is very sharp and concentrated 
at 22 nm and 0.99 nm, respectively.

Fig. 2. SEM images of (a) top surface of uncoated ceramic support: (b) top surface of γ-alumina layer (c) cross-section of 
γ-alumina layer and (d) AFM image of γ-alumina layer.

(a) (b)

(c)

(d)

3.2. Filtration tests

3.2.1. Pure water and oily wastewater permeation mea-
surement

Fig. 4 shows the time dependency of the permeation 
flux measured with the samples of distilled water and 
oily water. The temperature was controlled at 30°C. The 
working pressure was 5 bar. The cross flow velocity filtra-
tion loop was 1.12 m/s. Each test operated 1.2 h in order 
to obtain the steady state pure water flux. The value of 
total organic carbon (TOC) in the sample of oily water 
was maintained at 260 mg.kg–1.

As shown as in Fig. 4, the water permeation flux in 
pure water varies constantly with time, but the water 
permeation flux in the sample of oily water decreases 
obviously for the early filtration time and gradually 
reaches a constant value due to a fouling consolidation 
(concentration polarization, gel layer and cake layer) 
caused by the presence of the solute.

3.2.2. Effects of transmembrane pressure on flux

Increasing pressure increases permeation flux, but 
at the same time causes the cake layer on the membrane 
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surface to compress [20,21]. Fig.5 shows the effect of 
transmembrane pressure which was adjusted to vary-
ing with 0.7, 0.8, 0.9, 1 and 1.1 MPa respectively on the 
permeation flux. 

With increasing the pressure, TOC concentration in 
permeate rises lead to reduction of permeate quality. The 
flux of stable state is also significantly higher under the 
higher transmembrane pressure. This can be explained 
that the higher transmembrane pressure results in drop-
lets (both solvents and solute) to pass rapidly through 
the membrane pores. The oil hydrocarbons droplets may 
be deformed partially to cause oil compaction under the 
higher transmembrane pressure. Therefore, the TOC 
concentration in the permeation was a bit higher under 
higher pressure [21].

Fig. 3. Pore size distribution of NF alumina membrane surface of (a) uncoated ceramic support (b) top surface of γ-alumina layer.

(b)(a)

Fig. 4. Water permeation flux as function of time for (a) pure 
water and (b) oily water.

Fig. 5. The effect of transmembrane pressure on permeation 
flux.

3.2.3. Effects of cross flow velocity on permeation flux

Fig. 6 shows the effect of cross flow velocity adjusted 
to 0.56, 1.12, 1.68, 2.23 and 2.8 m/s respectively on the 
permeation flux. The steady state permeate flux rises 
when the cross flow velocity increases. Low cross flow 
velocity results in obvious resistance of concentration 
polarization and the gel layer. Turbulency and shear stress 
on the membrane surface increase at the higher cross 
flow velocities. Accumulation of solute on the membrane 
surface is then easily retained to the bulk, and the effect 
of concentration polarization diminishes. Thus, the per-
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meation flux increases with increasing cross flow velocity 
[21]. In these experimental conditions, with the increase 
in the permeate flux; a little difference happened in the 
levels (%) of TOC rejection.

3.2.4. Effect of oil hydrocarbons concentration (TOC con-
centration) on permeation flux

Increasing concentration decreases the effective pres-
sure difference and subsequently the permeation flux. 
Fig. 7 shows the dependence of the permeation flux with 
varying oil hydrocarbons concentrations (TOC concentra-
tion) between 260–80 mg.kg–1. Obviously, the permeation 
flux decreases for all variable concentrations of TOC. 
High flux at lower oil hydrocarbons concentrations can 
be explained by the insufficient formation of the oil layer 
on the membrane, which results in low percentages of the 
cake layer resistance. Increasing the concentration causes 
the layer formed on the membrane surface to be thick 
and significant concentration polarization. As an increase 
of oil hydrocarbons concentration was applied, the flux 
decreased obviously and the TOC in the permeation 
increased significantly. Both facts are because the cake 
layer resistance and the passage of oil droplets through 
the membrane pores increased. That resulted from the 
increase of the oil layer on the membrane [21]. 

Fig. 6. The effect of cross flow velocity on permeation flux.

Fig. 7. Effect of TOC concentration in feed on permeation flux.

3.2.5. TOC rejection 

Table 1 shows the TOC rejection efficiencies at the 
steady state for various runs. Under applied operational 
conditions, TOC rejection efficiencies remained at a high 
level and were always higher than 90%. 

4. Conclusion

The experimental results indicate that the ceramic 
NF membrane can be applied to provide a high relative 
flux and a high oil hydrocarbons removal efficiency. The 
permeation flux was increased under these conditions, 
such as raising transmembrane pressure, increased cross 
flow velocity and reducing the oil concentration in the 
feed solution. TOC rejection efficiencies with various 
operational conditions were as high as 90% or above.
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