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ABSTRACT

Al2O3 nanoparticles were added to polysulfone (PSf) ultrafiltration membrane through the
two methods of surface deposition and structure entrapment, to study the membrane perfor-
mance in filtration of dye solutions. Alumina nanoparticles were synthesized through copre-
cipitation method and were added to casting solution containing PSf as a main polymer
(17wt.%), N-methyl-2-pyrrolidone as a solvent (75wt.%), and polyethylene glycol with
molecular weight of 400 as a pore former (8wt.%). In addition, a deposition of nanoparticles
onto the surface of the pre-prepared PSf membrane was formed by using photo-polymeriza-
tion method. Water flux and rejection of disperse dye solution were studied afterwards.
According to the obtained results, the synthesized nanocomposite membranes showed less
flux decline but higher dye rejection in comparison with neat polymeric membranes. Results
also showed higher dye rejection for membrane modified by entrapment method, while
membrane modified by surface deposition method had higher dye flux. Fourier transform
infrared spectrum analysis confirmed the presence of alumina nanoparticles in the structure
and on the surface of the membrane. According to X-ray diffraction analysis results, the size
of synthesized alumina nanoparticles were 16.61 nm and it reached 58.3 nm after being
placed in the polymeric structure.

Keywords: Nanocomposite membrane; Alumina nanoparticles; Surface deposition; Structure
blending

1. Introduction

Ultrafiltration and nanofiltration membranes
attract the attention of many researchers due to their
different applications in water/wastewater treatment
especially in dye separation [1]. However, the flux
decline caused by fouling is the most important
problem in the application of membrane in industrial

processes [2]. Membrane fouling is caused by deposi-
tion of hydrophobic materials on the surface of
membrane during the time [3]. Therefore, increasing
hydrophilicity of the membrane by using the presence
of hydrophilic particles can be assumed a good solu-
tion for modification of the membrane resistance
against fouling. In the recent decade, the preparation
of organic–inorganic composite membranes with con-
trolled characteristics have been of high interest [4–8].
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Development in nanotechnology and materials science
on the one hand, and the need for specific separations
with high efficiency on the other hand has caused the
synthesis of nanocomposite membranes. Membrane
structures obtained from the presence of nanoparticles
in a polymeric structure can be used as multi-purpose
tools because they benefit from the both characteristics
of nanoparticles and polymeric matrix at the same
time. Nanocomposite membranes have modified
mechanical and thermal properties and efficiency
comparing to non-modified polymeric membranes.
These membranes have the flexibility and reactivity of
the polymers and simultaneously, they enjoy thermal
and mechanical stability of nanoparticles as well [9].
In case, the synthesis conditions are controlled, nano-
particles are able to be used as an additive to modify
the membrane, in addition to giving their specific
characteristics to the nanocomposite membrane. Nano-
composite membranes have different properties com-
pared with membranes without nanoparticles to the
extent that various nanoparticles are used in different
researches to create modification on the polymeric
membranes [9,10].

According to previous researches, the presence of
nanoparticles usually results in an increase in hydro-
philicity and decrease in fouling of polymeric mem-
branes in filtration processes. The presence of TiO2,
ZnO, Al2O3 [11,12], ZrO2, SiO2, Fe3O4, silver, and Fe
nanoparticles and fullerene [13] increases mechanical
and thermal resistance of polymeric membranes [9].
ZnO [14], TiO2 [15–25], and Silver [26–29] nanoparti-
cles create antibacterial characteristic in polymeric
membranes while ZrO2 [30,31] and Fe [32,33] give cat-
alytic properties. In addition, conductivity characteris-
tic is caused in polymeric membranes by SiO2

nanoparticle [34–38] and magnetic characteristic is cre-
ated by Fe3O4 nanoparticle in polymeric membranes
[39]. Each of above-mentioned nanoparticles can be
pre-synthesized or fabricated in situ in polymeric
solution. Taurozzi et al. [29] compared anti biofouling
efficiency of nanocomposite membranes containing ex
situ and in-situ silver nanoparticles. However, silver
compounds (both in ionic and in nanoparticle form)
have long been known to own antimicrobial activity
by releasing silver ions which react with thiol (–SH)
groups in microbial cells or by attaching to cellular
membrane of microorganism [27,29], their research
showed that in situ synthesized silver nanoparticles
are more efficient than ex situ ones in biofouling miti-
gation. Difference in activity between pre-synthesized
and in situ synthesized polysulfone (PSf)/Ag nano-
composite membranes could result from a higher
number of smaller nanoparticles, higher total surface
area of the filler, higher silver attachment to microor-

ganisms and release to filtration medium, and there-
fore, higher antibiofouling efficiency [29].

Taking into consideration the hydrophobic nature
of the membrane main polymer, PSf, and considering
the fouling problem some time after the beginning of
the filtration, it seems necessary to add nanoparticles
with hydrophilic properties to the membrane. Accord-
ing to the literatures, in spite of investigations about
the addition of alumina nanoparticles to some poly-
meric membrane such as PVDF [11] and PES [12],
there is no essential study for PSf membrane. There-
fore, pre-synthesized alumina nanoparticles were
added in this study to the membrane through the two
methods of structure entrapment and surface deposi-
tion by using photo-polymerization. Then, the struc-
ture and filtration performance of the obtained
nanocomposite membrane were studied to determine
the best method for the adding of nanoparticles in
order to obtain a membrane with the minimum foul-
ing and maximum dye separation efficiency.

2. Experimental

2.1. Materials

Polysulfone (PSf) (MW: 75,000Da) was supplied
by Acros Organics and used as a base polymer for
membrane (17wt.%). N-methyl-2-pyrrolidone (NMP)
was supplied by Merck used as a solvent for polymer
(75wt.%). Poly ethylene glycol (MW: 400 g/mol) was
supplied by Merck used as a pore former (8wt.%).
Acrylic acid was supplied by Merck used as an agent
for deposition of Al2O3 nanoparticles onto the mem-
brane surface. Disperse dyes were supplied by Alvan
sabet dye company. The weight ratio of Al2O3 to cast-
ing solution was considered 0.51wt.% (equal to 0.03
for Al2O3/PSf weight ratio). The composition of cast-
ing solution (40.204 g) is presented in Table 1.

2.2. Nanocomposite membrane preparation

2.2.1. Entrapping nanoparticles in polymer structure

Al2O3 entrapped PSf ultrafiltraion membranes
were prepared by dispersing nano-sized particles

Table 1
Composition of casting solution

Material Weight in casting
solution (g)

Weight ratio in
casting solution (%)

PSf 6.800 16.91

PEG 3.200 7.96

NMP 30.00 74.62

Al2O3 0.204 0.51
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uniformly into NMP solution and was sonicated at 70˚
C for 60min, and then, PSf was subsequently added
under continuous stirring. After adding additive and
sonicating again for 60min, the membrane was cast
onto a clean glass plate with 350 lm casting knife and
exposed under forced-convection evaporation for 30 s.
Then, immediately immersed in a water coagulation
bath at 25˚C to form membrane. Two casting solutions
were synthesized through mechanical and ultrasonic
stirring to study the best method for the dispersion of
nanoparticles. In entrapping method, nanoparticle
content in casting solution is different depended to
nanoparticle type, membrane material and application
[9]. According to the literature [9,40], membrane struc-
ture and performance is a function of nanoparticle
concentration. For any polymeric system (polymer/
solvent/nanoparticle), nanoparticle aggregation occur-
res, when the nanoparticle concentration reaches to a
certain level [9,40]. For example, Sotto et al. [40]
reported that nanoparticle aggregation for TiO2/PES
systems takes place at 0.2wt.% TiO2/casting solution.
For nanocomposite membranes containing Al2O3

nanoparticles, Maximous et al. [12] examined
entrapped membrane with 0.01, 0.03, 0.05 Al2O3/PES
mass ratios, while Yan et al. [11] considered 0–0.04
Al2O3/PVDF weigh ratio. In this study, similar to the
aforesaid researches [11,12], Al2O3 nanoparticle con-
centration of 0.03 Al2O3/PSf mass ratio (equal to
0.51% Al2O3/casting solution) considered.

2.2.2. Deposition of nanoparticles onto the membrane
surface by using photopolymerization

Deposition of nanoparticles onto membrane sur-
face is a novel and more efficient method for prepar-
ing nanocomposite membranes [9,17,19]. In this work,
Al2O3-deposited PSf nanofiltraion membranes were
prepared in two levels; first, polymeric membranes
without nanoparticles casted in the way that men-

tioned before, second, solution deposition of Al nano-
particles and acrylic acid (6wt.%) onto the membrane
surface by UV-irradiation grafting polymerization
technique using a UV lamp shown in Fig. 1 (Philips,
UVC, 254 nm wave length, Model TUV8W-G8TS, the
Netherlands) at various irradiation time. In this pro-
cess, poly acrylic acid/nanoparticle layer was depos-
ited on photoactive surface of PSf membrane. Further
description about this method was reported in our
previous work [41].

2.3. Membrane characterization

2.3.1. Membrane performance

To operate under constant trans-membrane pres-
sure (TMP), membrane filtration was carried out using
a stirred batch cell shown in Fig. 2 (Millipore, Ami-
con, Model No. 8400, USA). The effective membrane
area in the dead-end membrane test unit was
41.8Cm2 and the applied pressure was fixed at
300KPa. The performance in constant TMP condition
was appropriate to study the fouling behavior.

Following filtration, dye solutions were analyzed
using a UV-Visible spectrophotometer (UNICO,
Model: s2100, USA). The absorbance of permeates and
feed were measured and converted to concentration
using an absorbance/concentration calibration curve.
The rejection of dye solutions was calculated through
Equation (1) [15].

Rð%Þ ¼ ð1� Cp=CfÞ � 100 ð1Þ

In Eq. (1), R% represents rejection, while Cf and Cp

represent concentration of dye in the feed and concen-
tration of dye in the membrane permeate, respec-
tively.

Table 2 lists the disperse dye used in the experi-
ment and their molecular weights.

Fig. 1. UV-irradiation chamber including: (a) membrane
sample, (b) rotating cylinder, (c) monomer solution and (d)
UV-lamp. Fig. 2. Schematic diagram of stirred batch cell system [12].
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2.3.2. Fourier transform infrared spectrum

Fourier transform infrared (FTIR) spectrum was
used to prove the presence of alumina nanoparticles
in the structure of PSf membrane (BRUKER, Model:
TENSOR 27, Germany). Membrane samples became a
little thin and transparent due to the high pressure
(14 bar), and then, they were analyzed.

2.3.3. X-ray diffraction (XRD)

X-ray diffraction analysis was used to study the
presence and the arrangement of nanoparticles in
the structure of polymer (PHILIPS, Type NUM:
PW3040/60, Netherlands). The size of nanoparticles
inside and outside the membrane structure can be
calculated by using XRD results and Eq. (2) (Scherer
Equation).

t ¼ k� k
b� cosh

ð2Þ

In Eq. (2), t represents the thickness of crystallite,
while k is a constant dependent on crystallite shape
(0.89), k shows the X-ray wavelength, B represents full
width at half maximum, and h is Bragge angle.

3. Results and discussion

3.1. Nanocomposite membrane analysis

3.1.1. FTIR spectrum

Fig. 3 displays FTIR spectrum of alumina nanopar-
ticles, PSf ultrafiltration membrane, and nanocompos-
ite membrane. There are observed a peak in wave
number of 3,400 cm�1 and another one in 1,600 cm�1

in alumina nanoparticles spectrum that are related to
–OH and Al–O functional groups of alumina particles,
respectively [42]. Comparison between the spectrum
of neat PSf membrane and nanocomposite membrane
shows a wide peak in the area of 3,000–3,600 cm�1,
which confirms the presence of Al2O3 nanoparticles in
the structure of PSf membrane.

3.1.2. XRD analysis

Fig. 4 demonstrates XRD pattern for PSf mem-
brane, nanocomposite membrane, and alumina nano-
particles. As is seen in Fig. 4, The XRD diffraction
pattern of PSf/Al2O3 composite membrane has three
crystalline characteristic peaks, that is analogous with
the characteristic peaks of Al2O3 crystal powders in
addition to the dispersion peak of amorphous PSf,
nevertheless their locations occurs slight shift, com-
pared with the pattern of Al2O3 nanoparticles. This
shift of characteristic peaks of Al2O3 in PSf/Al2O3

composite membrane indicates that there may be exist
interactions between polymers and Al2O3 nanoparti-
cles. It has caused by the mixing of nanoparticles with
the polymer structure, and the creation of a uniform

Table 2
Used disperse dye and their properties

Disperse dye MW (g/mol) kmax (nm)

Blue 2RLS 639.41 560

Red BRLS 505.91 460

Blue 2RL 459.30 560

Yellow 4GNL 361.74 490
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Fig. 3. FTIR Spectrum of Al2O3 entrapped PSf
ultrafiltration membrane, PSf membrane and Al2O3

nanoparticle.

Fig. 4. XRD Pattern of Al2O3 Powders, PSf/Al2O3

nanocomposite membrane and PSf membrane.
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structure [42]. By implementing XRD pattern and by
using Scherer Equation, the size of alumina nanoparti-
cles was predicted to be 16.61 nm, and the nanoparti-
cles had a size of 58.3 nm after placement in the
polymer structure. The reason for this fact was the
nanoparticles aggregation after being placed in the
polymer structure.

3.1.3. Measurement of contact angle

Due to their hydrophilic nature, alumina nanopar-
ticles play an important role in the membrane fouling
reduction. To study this fact, the water contact angles
of all synthesised nanocomposite membranes and
polymeric membrane were measured. Table 3 displays
the results. According to the results, the hydrophilicity
of nanocomposite membranes is higher than poly-
meric membranes. In addition, the deposited mem-
brane has a more hydrophilic surface in comparison
with other nanocomposite membranes. The reason is
the presence of nanoparticles and acrylic acid onto the
membrane surface. Hydrophilic nature of nanoparti-
cles [9] and the presence of acrylic acid [41] create
hydrophilic characteristic onto the membrane surface
while in the alumina entrapped membrane, only
nanoparticles help the increase in hydrophilicity.
Table 3 shows hydrophilicity of other nanocomposite
membranes prepared by other researchers as well.
According to the results displayed in Table 3, alumina
nanoparticles have a better effect on the hydrophilicity
of the membrane comparing with TiO2 nanoparticles.

3.2. Filtration performance

The performance of the synthesized nanocompos-
ite membranes were evaluated in dead-end filtration
system and the flux and rejection of disperse dye solu-
tions were calculated. Results showed significant
changes in the flux and rejection of nanocomposite
membranes in comparison with neat polymeric mem-
branes.

3.2.1. Disperse dyes flux

According to the results shown in Fig. 5, all
nanocomposite membranes have a higher flux than
polymeric membranes without nanoparticles. As was
seen in the analysis of membrane contact angle, the
reason is the increase in the hydrophilicity of nano-
composite membranes due to the presence of nano-
particles. As is seen in Fig. 5, nanocomposite
membrane with entrapped Al2O3 by ultrasonic stirring
have the highest flux among the others. The reason
can be explained by the better dispersion of the
hydrophilic nanoparticles in the structure of this
membrane, and consequently, its higher hydrophilic-
ity and more and larger pores comparing to the other
three synthesized membranes. This fact has been
reported in other researches carried out by different
researchers on the effect of nanoparticles on the
behavior of PSf membrane [17,18,44–46]. Comparing
nanocomposite membranes with entrapped nanoparti-
cles to nanocomposite membranes with coated nano-
particles shows that although the presence of
nanoparticles increases the hydrophilicity of the mem-
brane, the creation of a coating of polyacrylic acid and
nanoparticles onto the membrane surface result in the
reduction in pores size, and consequently, reduction
in membrane flux [41].

Table 3
Contact angle of NM, ACNM and AENM (1: mechanical
stirring/2: ultrasonic stirring).

Membrane type Contact
angle (˚)

Contact angle
(˚) in studies

NM 80

AENM1 75 84 [16]

AENM2 66 75 [43]

ACNM 46

Fig. 5. Flux decreasing performance of neat membrane
(NM), Al2O3 coated nanocomposite membrane (ACNM)
and Al2O3 entrapped nanocomposite membrane (AENM)
(1: mechanical stirring/2: ultrasonic stirring).

Table 4
Filtration data of NM, ACNM and AENM (1: mechanical
stirring/2: ultrasonic stirring).

Membrane type Dye rejection (%) Increase in dye
rejection compared
to NM (%)

NM 81.7378 0

AENM1 88.0252 7.68

AENM2 96.4084 17.92

ACNM 100 22.31
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3.2.2. Disperse dyes rejection

According to Table 4, dye rejection is higher in
nanocomposite membranes than in polymeric mem-
branes. As is seen, the presence of nanoparticles in the
structure of membrane not only increases the hydro-
philicity and flux, which decreases the fouling, but
also improves the separation of disperse dyes. The
reason for this behavior can be due to the formation
of more number of smaller pores caused by the delay
phase inversion due to the presence of nanoparticles.
The same behavior has been observed in the studies
carried out by other researchers too [9].

Table 4 also presents the increase in rejection effi-
ciency of nanocomposite membrane compared to neat
membrane (third column). As is seen in the figure, the
membrane with surface deposition has a higher rejec-
tion than the membrane with entrapped nanoparticles.
The reason can be explained by the smaller size of the
membrane pores due to the presence of poly acrylic
acid/nanoparticle layer on the membrane surface [41].
It augments the quality of separation up to 22.31% but
decreases the flux.

4. Conclusion

In this study, Al2O3 nanoparticles were added to
PSf ultrafiltration membrane structure through the
two methods of entrapment in the structure and sur-
face deposition to study the membrane performance
in the filtration of dye solutions. Major findings from
this study are:

• Flux decline is less in nanocomposite membranes
than in polymeric membranes without nanoparti-
cles the reason is the increase in the hydrophilicity
of nanocomposite membranes due to the presence
of nanoparticles.

• The flux is higher in nanocomposite membranes
with entrapped Al2O3 by ultrasonic stirring than in
nanocomposite membranes with deposited Al2O3.
It seems that the structure trapping method and the
presence of nanoparticles in the membrane struc-
ture is a better method to increase hydrophilicity,
and consequently, reducing the fouling.

• Nanocomposite membranes have higher dye rejec-
tion in comparison with polymeric membranes. It
means the presence of alumina nanoparticles helps
the improvement of the quality of disperse dye sep-
aration.

• Nanocomposite membrane with surface deposition
has a higher rejection than the membrane with
entrapped nanoparticles which can be due to
decrease in pore size through poly acrylic acid/
Al2O3 nanoparticle deposition on membrane surface.

• FTIR analysis confirms the presence of alumina
nanoparticles in the membrane structure.

• XRD analysis confirms the size of nanoparticles in
the polymer structure and also confirms the pres-
ence of interactions between Al2O3 nanoparticles
and PSf. It indicates the effects of nanoparticles on
the properties of the polymeric structure.
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