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ABSTRACT

Nanocomposite membranes have attracted attention for their high permeability, rejection efficiency,
and thermal and mechanical stability. In this study, novel flat-sheet polysulfone nanocomposite mem-
branes were prepared by a phase inversion method with polyethylenimine and ALO, nanoparticles
to increase the flux and hydrophilicity. Al,O, nanoparticles were added to the membrane matrix to
enhance the permeability, selectivity, and mechanical resistance. Two different sizes of Al,O, nanopar-
ticles (20 and 80 nm) were used with different weight percentages of 0.2, 1, and 5 wt%. The effects
of the size and concentration of the nanoparticles on the structural properties and filtration perfor-
mance of the membranes were investigated. Scanning electron microscopy, Fourier transform infrared
spectroscopy, porosity, water contact angle, thermogravimetric analysis, viscosity, and tensile strength
measurements were used to characterize the prepared membranes. The membrane performance was
evaluated with water flux and bovine serum albumin rejection tests. According to the results, the
membrane containing 15 wt% polysulfone, 1 wt% polyethylenimine, and 5 wt% 20 nm Al O, showed
the highest pure water flux, porosity, viscosity, and morphological stability. This membrane may have
potential uses in water treatment applications.

Keywords: Al,O, nanoparticles; Nanocomposite membrane; Phase inversion; Bovine serum albumin
rejection

1. Introduction

Polysulfone (PSF) is widely used to fabricate membranes
because of its mechanical robustness, structural and chemi-
cal stability, large range of solubility, and thermal resistance
[1,2]. However, PSF membranes need to be modified to
reduce their hydrophobic characteristics and increase their
permeability and antifouling capacity [3-6]. To improve the
membrane hydrophilicity for water-based separation appli-
cations, hydrophilic polymers can be added to the casting
solution, such as polyvinylpyrrolidone (PVP), polyethylene
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glycol, and polyethylenimine (PEI) [7-10]. Among these
additives, PEI is shown to be a favorable polymeric amine
with special features, and it is mostly used as a macrovoid
formation agent [11,12].

However, the addition of hydrophilic polymers, includ-
ing PEI, can decrease the mechanical strength, stability,
and selectivity of the membrane [13]. To overcome these
problems, blending the polymer with inorganic nanoaddi-
tives has also become a popular approach for the design of
new PSF membranes with desirable properties [14,15]. PSF
membranes with inorganic nanoadditives have better per-
meability, selectivity, and mechanical strength than pure
PSF membranes. The incorporation of nanoadditives in the
polymer matrix also enhances the membrane’s permeability,
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selectivity, tensile strength, and thermal and chemical resis-
tance [16-19].

Many studies have examined metal oxide nanoadditives
to provide immense changes in the performance of poly-
meric nanocomposite membranes. Examples include TiO,
[20], ALO,, ZrO, [21], SiO, [22], Fe,0, [23], and silver [24].
Particularly, Al,O, is one of the most suitable nanoadditives
for altering the hydrophilicity and mechanical resistance, and
it is non-toxic [25]. Hydrophilic Al,O, nanoparticles exhibit
desirable compatibility with a polymer matrix, controllable
design, and minimal aggregation at different particle sizes
and concentrations [26,27]. The use of inorganic nanoparti-
cles in a membrane matrix could provide synergistic effects
on the membrane performance [28-31].

Maximous et al. [1] investigated the effects of AL,O, con-
centration on membrane permeability and fouling resistance.
Their results showed that the membrane porosity and per-
formance improved with the addition of ALLO, nanoparticles.
Yan et al. [32] studied the effect of 10 nm Al O, nanoparticles
on the performance of polyvinylidene fluoride (PVDF) ultra-
filtration membranes. They demonstrated that the addition
of 2 wt% ALO, nanoparticles to the PVDF polymer matrix
significantly improved the hydrophilicity, water flux, and
mechanical stability of the membranes. Although an exces-
sive amount of inorganic Al O, particles in the casting solu-
tion (3—4 wt%) caused the membrane elasticity and flux to
decline, it did not affect the hydrophilicity and porosity.

Mollahosseini et al. [33] investigated the influence of the
size of nanoparticles in a casting solution with two different
sizes of silver nanoparticles. They used 30 and 70 nm silver
nanoparticles in a PSF/PVP matrix. Their results showed that
the 30 nm particle size provided a more hydrophilic surface,
higher water fluxes, and higher bovine serum albumin (BSA)
rejection.

This study focuses on fabricating PSF/PEI nanocompos-
ite membranes using two different particle sizes of ALO,
nanoparticles (20 and 80 nm) via the phase inversion method.
To the best of our knowledge, there are no reported data on
using a PSF/PEI/ALQ, blended substrate to fabricate poly-
meric nanocomposite membranes, and the effect of the AL O,
nanoparticle size on PSF/PEI membranes has not been exam-
ined. The effects of the nanoparticle size and concentration on
the performance of membranes were thus investigated. The
membrane properties were evaluated by scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), contact angle, porosity, water flux, thermogravimet-
ric analysis (TGA), BSA rejection, tensile strength, and vis-
cosity measurements. The findings provide new insight that
may contribute to the development of better nanocomposite
membranes for water-based filtration applications.

2. Experimental
2.1. Materials

PSF with a weight-average molecular weight of 60,000
was purchased from Acros Organics, Belgium. An aqueous
solution of branched PEI with a number-average molecular
weight of 10,000 and a weight-average molecular weight of
25,000 was obtained from Sigma-Aldrich (USA) and used as
a modifying agent. N,N-Dimethylformamide (DMF; Merck

(USA), anhydrous, 99.8%) and 1-methyl-2-pyrrolidinone
(NMP, Merck) were used as solvents. Hydrophilic ALO,
nanoparticles with sizes of 20 and 80 nm were supplied
from Nanografi, Turkey, and used as additives for the PSF/
PEI solutions. BSA was used as a foulant and supplied from
Amresco Inc. (USA). All of the organic and inorganic reagents
were of analytical grade and used as received.

2.2. Preparation of membranes

For the fabrication of the membranes, the 20 and 80 nm
and AlO, were first dissolved in an NMP solution at three
different concentrations of 0.2, 1, and 5 wt% Al O, to reduce
agglomeration. The mixture was then sonicated for 2 h. Next,
the AL,O, mixture was added to another mixture containing
15 wt% PSF and 1 wt% PEI polymer in DMF and NMP. The
final solution was mixed for 1 d at 400 rpm using a magnetic
stirrer to make it homogeneous. The polymer suspension
was then sonicated for at least 2 h at 25°C. The details of
the casting solution compositions are shown in Table 1. All
casting solutions were allowed to stand for 1 h to remove all
air bubbles, and then they were cast onto a clean glass plate
(20-30 cm) with a steel casting knife. The fixed thickness of
the cast film was 350 + 20 um. The film was immediately
immersed in a distilled water bath for 2 min to remove the
residual solvents and for solidification. All prepared mem-
branes were stored in a bottle of deionized (DI) water at 4°C.

2.3. Characterization
2.3.1. SEM

The top-surface and cross-section morphologies of the
membranes were observed using a Zeiss Leo 440 scanning
electron microscope. The membranes were carefully sec-
tioned with an approximate length of 3 mm and width of
0.5 mm using sharp scissors and then mounted onto the SEM
grid. Prior to the examination, each sample was coated with
platinum, and the samples were analyzed at 10 kV.

2.3.2. Water contact angle

The surface hydrophilicity of the membranes was mea-
sured using a contact angle meter (Attension-Theta Lite,
Biolin Scientific, Finland). DI water was used to compare the
hydrophilicity of the pure PSF, PSF/PEI, and PSF/PEI/AIZO3
membranes. For each measurement, at least three readings
from different surface locations were taken, and the reported

Table 1
Casting solution compositions of membranes
Substrate  PSF PEL 20nm ALO, 80nm ALO,
(Wt%) (Wt%) (Wt%) (Wt%)
M201 15 1 0.2 -
M202 15 1 1 -
M203 15 1 5 -
M801 15 1 - 0.2
MB802 15 1 - 1
MB803 15 1 - 5




S. Saki et al. / Desalination and Water Treatment 84 (2017) 215-224 217

contact angles are the average values. All of the membranes
were fully dried before measuring the contact angle to avoid
issues with water interaction.

2.3.3. Water filtration test

A dead-end stirred cell filtration system (Sterlitech,
HP4750) was used to determine the membranes’ intrinsic
separation properties (i.e., water permeability and rejection).
The effective membrane area for the system was 14.6 cm?
In the water filtration test, three different transmembrane
pressures (TMP) were applied (0.2, 0.4, and 0.6 MPa), and
the temperature was kept at room temperature (25°C + 3°C).
The water fluxes of the prepared membranes were calculated
using Eq. (1):

Vv
Axt

)

where | is the water flux (L/m? h), V is the permeate volume
(L), A is the effective membrane area (m?), and ¢ is time (h).

2.3.4. BSA rejection

The membranes’ BSA rejection performance was deter-
mined using aqueous solutions containing 2.5 g/L of BSA
[34]. The solutions were prepared using DI water at room
temperature. The experiments were carried out at 0.2 MPa
TMP in the dead-end filtration setup, and the BSA con-
centrations were analyzed using UV-visible spectroscopy
(UV-1800, Shimadzu, China). The BSA rejections (R) were
calculated by Eq. (2):

C
o P _1_ P

f

where C is the concentration of BSA in the permeate, and C
is the concentration in the feed solution. The volume reduc-
tion ratio (VRR) is calculated using the following formula:

VRR = % 3)

R

where V and V, are the initial feed volume and retentate vol-
ume, respectively.

2.3.5. Porosity

For the porosity measurements, dry membranes were
immersed in ethanol for 2 h, and the liquid on the surfaces of
the membranes was removed using filter paper after remov-
ing them from the ethanol. The membrane porosity (&) was
calculated using Eq. (4) [35]:

_ (0l-w2)/de
T ol-w2

(4)

+02/dp

where w, is the weight of the wet membrane (g), w, is the
weight of the dry membrane (g), dw is the density of pure
water (0.998 g/cm?), and dp is the polymer density (1.24 g/cm?).

2.3.6. Fourier transform infrared spectroscopy

FTIR spectra were employed for functional identification
of PEI and Al O, nanoparticles using an FTIR spectrometer
(Thermo Nicolet Avatar 370). Prior to the FTIR measure-
ments, the samples were dried in a drying oven for 15 min
at 120°C.

2.3.7. Mechanical strength

The mechanical strength of the prepared membranes was
measured using an AGS-J tensile testing machine (Shimadzu,
Japan). The measurements were carried out according to the
ASTM D 882 standard by applying a 500-N load at a cross-
head speed of 1 mm/min. All the samples were cut into rect-
angles with dimensions of 6 x 2 cm? and vertically mounted
between the two mechanical gripping units of the tester, leav-
ing a 2-cm gauge length for mechanical loading. The sample
thicknesses were measured with an electronic micrometer
with #0.1 um precision (No. 293-561, Mitutoyo, Japan). The
average values of mechanical strength were obtained from
the results of three measurements.

2.3.8. Viscosity measurement

The average viscosity of the casting solutions were mea-
sured with a Rapid Visco Analyzer (Pertem, RVA 4500). The
viscosity was measured at room temperature (25°C + 3°C). To
ensure complete uniformity of the samples to be analyzed,
the rotation of the RVA was set to 60 rpm for 120 s.

2.3.9. Thermal stability

The thermal stability of the membranes was determined
by TGA (DTG-60H, Shimadzu). In order to remove the
residual solvent from the membranes, 5-10 mg membrane
samples were kept at 50°C for 12 h under vacuum and then
heated under N, atmosphere from 30°C to 700°C at 10°C/min.

3. Results and discussion

PSF/PEI membranes were fabricated using two different
particle sizes of AL O, at different concentrations in a mem-
brane matrix. The following results first describe the changes
in the solution viscosity and membrane structural morphol-
ogy as a result of ALO, incorporation. Next, the changes to
the membrane porosity are presented, followed by the water
fluxes and BSA rejections and the effects of the AL O, on the
membrane performance.

3.1. Viscosity test

Viscosity is one of the most important parameters for
membrane fabrication because it affects the solvent and
non-solvent exchange rate and the final morphology of the
formed membranes [36]. Fig. 1 shows viscosity values of the
casting solutions used to prepare the membranes. The results
show that the addition of PEI and AL O, increased the viscos-
ity of all solutions with increasing Al O, ratio for both sizes
of nanoparticles. The addition of 1 wt% PEI increased the vis-
cosity from 170 to 278 Cp. As shown in Fig. 1, increasing the
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ALO, concentration also increased the viscosity from 320 to
540 Cp and from 265 to 495 Cp for the 20 and 80 nm particles,
respectively.

The highest viscosity was obtained from the PSF/PEI
solution containing 5 wt% 20 nm AL O, nanoparticles. This
result can be explained in terms of the adsorption between
the polymeric chains and the exposed hydroxyl groups at the
surface of the nanoparticles, which have high specific surface
area and surface energy [37,38]. White and Crowder [39] and
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Fig. 1. Viscosity values of the casting solutions for the PSF, PSF/
PEI, and PSF/PEI/A1203 nanocomposite membranes.

Taurozzi et al. [40] also reported an increase in the viscosity
of the solution when the loading of nanoparticles was higher
and when the nanoparticles were smaller at the same nanopar-
ticle loading. The effects of the nanoparticle loading and size
were attributed to the change in the relaxation modulus and
the elastic recovery of the mixture. The results were also
correlated to changes in the available polymer—nanoparticle
interfacial surface area, which is affected by both the loading
and the size of the TiO, nanoparticles [38].

3.2. Membrane morphology

Morphology analysis is another very important tool for
the development of membranes. To investigate the morpho-
logical changes associated with the addition of PEl and Al,O,,
images of the top and cross-sections of the membranes were
obtained by SEM. The morphology is influenced by various
factors, including the interaction, viscosity, and diffusion
rate of casting solution [41]. The rates of solidification and
coagulation of PSF polymer determine the membrane matrix
formation [42].

Images of the membrane surfaces and cross-sections are
shown in Fig. 2. As shown in Fig. 2(a), a uniform surface
without nodules was formed during the fabrication of the
pure PSF membrane. However, the surface was completely
different and had small pores when PEI was added to the
polymer matrix (Fig. 2(b)). The PSF membrane exhibited a

Detector

Date

Fig. 2. SEM images of PSF and PSF/PEI membranes: (a) PSF surface, (b) PSF/PEI surface, (c) PSF cross-section, and (d) PSF/PEI

cross-section.
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very dense structure and few macrovoids, which results in
mechanical support. During the phase inversion process, the
fast solvent and non-solvent exchange occurs, and repulsive
forces between PSF and water cause immediate precipita-
tion on the polymer structure (Fig. 2(c)) [43,44]. The addition
of PEI to the polymer matrix results in the formation of an
asymmetric structure consisting of a thin and dense top layer
and a finger-like macroviod structure at the bottom layer
(Fig. 2(d)) [45].

Cross-section images of the PSF/PEI membranes with dif-
ferent concentrations of 20 nm ALO, (0.2, 1, and 5 wt%) are
shown in Fig. 3. The membrane morphology changed signifi-
cantly with the nanoparticle concentration. Compared with
the pure PSF membrane (Fig. 2(c)), the AL, O, nanoparticles
result in the development of a long finger-like structure in the
cross-section. With increasing content of ALO,, the amount of
finger-like pores increased, and the clear boundary between
the sublayer and center of the membrane disappeared with
the addition of 5 wt% Al O, (Fig. 3(c)) [46].

Fig. 4 shows compares the cross-section SEM images of
the 20 and 80 nm ALO, at 5 wt%. The 20 nm AL O, was dis-
persed uniformly in the polymer matrix (Fig. 4(a)), but the
80 nm AL O, membrane had many short finger-like structures
in the center, which were covered with dense top and bottom
layers. This is attributed to the high loading amount result-
ing in unstable distribution in the PSF/PEI membrane matrix
(Fig. 4(b)) [47]. This could be explained by the high viscosity
of the casting solution when the 20 nm ALQ, is added, as well
as the high affinity of the 20 nm nanoparticles to the poly-
meric phase [48].

ENTA2800W WOs 88em  Mags 100KX

3.3. Porosity

In general, membrane porosity is dependent on the
mass transfer of the casting solution during the phase inver-
sion process [49]. The hydrophilic functional groups from
the nanoparticles speed up the membrane formation pro-
cess by accelerating the exchange rate between the solvent
and non-solvent. Consequently, the pore formation process
would be enhanced. As shown in Table 2, the porosity of
membranes increased from 63% for the pure PSF membrane
to 79% and 65% for membranes with 5 wt% 20 and 80 nm
Al O, nanoparticles, respectively. All the blended membranes
showed improved porosity, but there was a small decrease
for the 80 nm ALQO, at 5 wt%. This might have been caused
by pore blockage due to the high particle size and amount of
ALO, [50].

The improvements of the porosity of the nanocompos-
ite membranes were attributed to the lower viscosity of the
blending solution with the addition of hydrophilic AL,O,,
which led to a faster occurrence of the phase inversion pro-
cess [51]. These results may be explained by the retarded
solution demixing and improved kinetic hindrance, which
increased the viscosity. The increased viscosity supports the
diffusion of solvent from the solution over the internal dif-
fusion of non-solvent into the cast membrane, resulting in
lower porosity [45,52,53]. This result is also in agreement
with findings by Choi et al. [54], who prepared nanocom-
posite UF membranes from PSF casting solutions loaded
with different amounts of multi-walled carbon nanotubes
(CNTs).

ETSH0W WO BSmm Mage 100KX
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Fig. 3. SEM images of PSF/PEI membranes cross-section containing 20 nm ALQO, with different concentrations: (a) 0.2 wt%, (b) 1 wt%,

and (c) 5 wt%.
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Fig. 4. Cross-section SEM images of PSF/PEI membrane containing 5 wt% Al,O, nanoparticles: (a) 20 nm AL,O, and (b) 80 nm AL O,.

Table 2
Contact angle, pure water flux (at 0.4 MPa), and porosity of PSF,
PSF/PE], PSF/PEI/AIZO3 nanocomposite membranes

Substrate CA (°) Water flux (L/m?h)  Porosity (%)
PSF 87 +2 20.51 63+3
PSF/PEI 64+4 317.70 95+4
M201 72+5 236.02 71+2
M202 65+2 1,289.12 77 £5
M203 56+3 1,336.6 79+6
M801 81+6 103.16 68 +3
M802 77+3 1,027.05 73+2
M803 55+2 901.35 65+4

3.4. Membrane hydrophilicity

The hydrophilicity of the nanocomposite membranes was
evaluated by the contact angle using the sessile drop method,
as shown in Table 2. The pure PSF membrane’s contact angle
was 87°, but PEI addition decreased the contact angle to 67°.
The contact angles were 72°, 65°, and 56° for membranes
with 20 nm ALO, nanoparticles at 0.2, 1, and 5 wt% load-
ing, respectively. For 80 nm ALQO, nanoparticles, the contact
angles were 81°, 77°, and 55° for 0.2, 1, and 5 wt% loadings,
respectively. The contact angles of the PSF/PEI nanocompos-
ite membranes were lower for 0.2 wt% concentration at both
sizes of Al,O,nanoparticles. When the amount was increased
0.2-5 wt%, the contact angles decreased for both sizes. This
could be due to greater migration of nanoparticles to the sur-
face during the phase inversion process at high concentration
[52,55]. The membrane hydrophilicity was positively affected
by increasing the nanoparticle loading, but the particle size
had no significant effect.

3.5. Mechanical properties

Adding the nanoparticles improved the morphological
and structural parameters of the membrane, as well as the
mechanical resistance. The tensile strength of the membranes
is shown in Fig. 5. The tensile strength of the pure PSF mem-
brane was 3.18 MPa, which decreased to 3.02 MPa with the
addition of PEI due to the increased pore formation [56].
Incorporating 0.2, 1, and 5 wt% 20 nm ALO, nanoparticles

Tensile strength at breaking point (MPa)

PSF PSF/PEI M201 M202 M203 MS801 M802 M303

Fig. 5. Tensile strength of breaking point of PSF, PSF/PEI, and
PSF/PEI/AIZO3 nanocomposite membranes.

increased the tensile strength to 3.2, 3.7, and 4.1 MPa, respec-
tively. This could be explained by the interaction between
the nanoparticles and the PSF/PEI matrix. ALO, could act
as a cross-linking point to connect the polymer chains and
increase their rigidity. Therefore, more energy would be
needed to break down the bonds between the Al,O, and PSF,
and the tensile strength was improved [57]. With increas-
ing amount of AlLO,, the tensile strength values increased
slightly. As shown in Fig. 5, the tensile strength with 0.2 and
1 wt% 80 nm Al,O,; first increased and then declined at 5 wt%
ALQ,.

When adding 5 wt% 80 nm AlLO,, the tensile strength
decreased from 4.7 to 3.2 MPa. Excessive concentration
may cause nanoparticle aggregation and decrease the ten-
sile strength. Kumar et al. [58] prepared a PSF membrane
containing graphene oxide (GO)-TiO, nanoparticles by a
blending method. They found that the tensile strength was
enhanced with lower amounts of GO-TiO, of up to 2 wt%,
but it decreased when the loading was further increased to
3-5 wt%.

3.6. Thermal stability

The thermal stabilities of the membranes were measured
by TGA, as shown in Fig. 6. The thermal decomposition
temperatures were in the range of 500°C-550°C. The TGA
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measurement results confirmed that PSF is a thermally stable
polymer due to its fully aromatic structure [59]. As shown in
the TGA curves, the nanoparticles have no significant effect
on the thermal decomposition temperature.

3.7. Fourier transform infrared spectroscopy

The surface functional groups and chemical composi-
tion of the membranes were determined by FTIR, as shown
in Fig. 7. The characteristic absorption peaks of PSF were
around 1,149 and 1,168 cm™ (SO, symmetrical stretching),
1,244 cm™ (aryl-O-aryl C-O stretching), 1,582 cm™ (SO,
asymmetric stretching), 1,677 cm™ (asymmetric-CH,), and
2,151 em™ (C=C) [60,61]. A new peak occurred at 3,700 cm™
in the spectrum of AL O, nanoparticle membranes, which is
related to the -OH and Al-O functional groups of the Al,O,
nanoparticles [46]. This can be attributed to the successful
interaction between the base polymer and inorganic phases.
All of the membranes also had the same basic structure of
PSF. Comparison between the spectrum of the PSF membrane

Weight losses (mg)
L

()

0 200 400 600 800
Temperature (°C)

Fig. 6. TGA curves of PSF, PSF/PEI and PSF/PEI/A1203 nanocom-
posite membranes.

PSF/PEL/20 nm 5 wit% ALO,

A g A
- e 3 | AL A 1.} Y
T [ A I i 1,
' L [ rl ¥ |
w0 | | ]l I
R (—
| PSF/PEI
bl s
2 - Al o A
= . " | !
E f | [ 1A
z [ I
B i I
x QR
A . PSE
s Lo A0 | Ay
VA {
__/-,lrr"’ k ] I. l i
l | | o
' R l | ||
Wy e r I.
4000 3500 3000 2500 2000 1500 1000 500

' .
Wavenumbers ¢cm

Fig. 7. FTIR spectrum of PSF, PSF/PEI, and PSF/PEI membrane
containing 5 wt% ALQ,.

and nanocomposite membrane showed a similar PSF char-
acteristic peak in the area of 1,000-3,500 cm™ because of the
high PSF concentration. Thus, it is assumed that the mem-
brane was successfully modified based on the higher peak
obtained.

3.8. Filtration properties
3.8.1. Pure water flux

The water fluxes of the membranes were determined at
three different pressures (0.2, 0.4, and 0.6 MPa), as shown
in Fig. 8. The pure PSF membrane showed the lowest water
flux of 20.51 L/m? h at 0.4 MPa, and the highest water flux
was obtained for the membranes with 5 wt% 20 nm ALO,
nanoparticles as 1,336.6 L/m? h at 0.4 MPa. This result could
be explained by the ALO, enhancing the hydrophilicity
(Table 2) and porosity compared with the pure PSF mem-
branes [62,63].

Although increasing the amount of 20 nm Al,O, nanopar-
ticles enhanced the water flux of membranes, increasing the
amount of 80 nm nanoparticles to 5 wt% adversely affected
the water flux of membranes. This might be a result of
pore blockage by the large nanoparticles [15,33]. Therefore,
either agglomeration or the slower exchange of solvent and
non-solvent could not be prevented during the phase inver-
sion process [63,64].

These findings also might be supported by the poros-
ity data. Higher porosity results in higher water flux values
[65,66]. Esfahani et al. [67] reported that the pure water flux
was increased from 10 to 210 L/m? h at 0.16 MPa by incorpora-
tion of 1 wt% multi-walled CNTs. In our study, the pure water
flux increased from 20.51 to 700.2 L/m? h at 0.2 MPa by incor-
poration of 1 wt% ALO, (20 nm). Moreover, when the ALO,
nanoparticle concentration increased to 5 wt%, the water
flux increased to 850.2 L/m? h at 0.2 MPa TMP. These results
demonstrate that the Al,O, nanoparticles have a more remark-
able effect on the pure water flux than multi-walled CNTs.

3.8.2. BSA rejection

BSA filtration experiments were carried out using the
same system described in section 3.8.1. A 2.5 g/L. BSA solution

1800

1600 7 2bar

. 4 bar

1400 e 6 bar

1200

1000

800

Water flux (Lénh)

600

400

PSF PSF/FEI M201 M202 M203 MS801 MS02 MS03

Fig. 8. Water fluxes of PSE, PSF/PEI, and PSF/PEI/A1203 nano-
composite membranes at different pressures.
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was used because of its hydrophobic nature and appropriate
molecular size to evaluate the separation performance. Fig. 9
shows the BSA rejection performance results. The BSA rejec-
tion values of the pure PSF and PSF/PEI membranes were
83% and 72%, respectively. The PSF/PEI membrane had the
lowest BSA rejection because of its higher porosity and con-
sequently lower selectivity [68]. All of the prepared PSF/PEI/
AL O, nanocomposite membranes rejected more than 90% of
the BSA protein. The results are better than those obtained
by Nair et al. [69], who achieved maximum BSA rejections of
88%-94% using PSF membranes with CaCO, nanoparticles.

Fig. 10 shows the variation of the BSA flux vs. VRR at
an operating pressure of 2 bar. The membranes with 5 and
1 wt% 20 nm Al O, showed the highest flux values.

4. Conclusions

PSF-based nanocomposite membranes were prepared
by the incorporation of PEI and two different sizes of Al,O,
nanoparticles at different concentrations via the phase inver-
sion method. The hydrophilicity, porosity, viscosity, water
flux, and tensile strength were enhanced as the Al,O, content
increased. The hydrophilic and porous structure of the Al O,
had a strong impact on the membranes properties. The PSF/
PEI/AL,O, membranes with 5 wt% 20 nm AL O, nanoparticles
showed excellent water flux of 1,336.6 L/m? h at 0.4 MPa, as
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Fig. 9. BSA rejection performance of PSF, PSF/PEI, and PSF/PEI/
AlLO, nanocomposite membranes.
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Fig. 10. BSA rejection performance of PSF, PSF/PEI, and PSF/PEI/
AlLO, nanocomposite membranes.

well as a contact angle of 56°, porosity of 79%, and tensile
strength of 4.1 MPa.

The smaller AL O, nanoparticles produced better water
flux, porosity, morphological stability, and tensile strength
because of the high surface area and the higher water
adsorption capacity. When increasing the concentration of
80 nm ALQO, nanoparticles to 5 wt%, aggregation problems
occurred, and water flux, porosity, and tensile strength
declined. However, with 20 nm ALQO, nanoparticles, this
problem was not observed.

The nanocomposite membranes with 5 wt% 80 nm
nanoparticles showed the highest BSA rejection of 99%, but
with 20 nm particles, the rejection values decreased slightly
to about 96%. All of the nanocomposite membranes exhib-
ited ultrafiltration membrane characteristics with over 90%
rejection rates. Although the water flux, porosity, and tensile
strength were positively affected by increasing the nanopar-
ticle concentration, the particle size had no significant effect
on the membrane hydrophilicity and thermal resistance.
The hydrophilicity and mechanical properties indicate that
the PSF/PEI/AL,O, nanocomposite membranes could be
significant candidates for water and wastewater treatment
applications.
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