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To improve the hydrophilicity and antifouling properties of polysulfone (PS) ultrafiltration membranes,
we studied the use of salicylate-alumoxane (SA) nanoparticles as a novel hydrophilic additive. The effects
of SA nanoparticles on the membrane characteristics and performance were investigated in terms of
membrane structure, permeation flux, solute rejection, hydrophilicity, and antifouling ability. The new
mixed-matrix membranes (MMMs) possess asymmetric structures. They have smaller finger-like pores
and smoother surfaces than the neat PS membranes. The embedment of SA nanoparticles in the polymer
alicylate-alumoxane nanoparticles
S ultrafiltration membranes
urface hydrophilicity
urface antifouling properties

matrix and the improvement of surface hydrophilicity were investigated. Ultrafiltration experiments
indicated that the pure-water flux of the new MMMs initially increases with SA nanoparticles loading
followed by a decrease at high loadings. Higher BSA solution flux was achieved for the MMMs compared
to the neat PS membranes. Membranes with 1 wt.% SA nanoparticles exhibit the highest flux recovery
ratio of 87% and the lowest irreversible fouling of 13%.

© 2016 Elsevier B.V. All rights reserved.
. Introduction

Ultrafiltration (UF) is a membrane separation process driven by
ressure difference [1,2]. It has been employed for the removal
f various components such as macromolecules, proteins, and
iruses from different solutions [3,4], in food processing, water and
astewater treatment and seawater desalination [5,6]. Low oper-

ting costs, high flux, satisfactory permeate quality, and simplicity
re some advantages of UF over other membrane technologies [7,8].

The physical and chemical properties of polymers used in man-
facturing UF membranes have strong effects on the structure and
erformance of the membranes [9,10]. Examples of such polymers
re polysulfone (PS) [11], polyethersulfone (PES) [12], cellulose
cetate (CA) [13], polyvinylidene fluoride (PVDF) [14], polyacry-

onitrile (PAN) [15], polyethylene (PE), polypropylene (PP), and
olyamide and polyimide [16]. Among these, PS is widely used
ue to its appealing physicochemical characteristics such as high
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thermal stability, adequate mechanical strength, high chemical
resistance over a wide range of pH, and excellent film forming abil-
ity for UF applications [17,18]. However, a major disadvantage of PS
is its hydrophobic nature, which causes membrane fouling [19,20].
Membrane fouling can be influenced by membrane characteristics,
feed solution properties and operation conditions [21]. Typically,
smooth and highly hydrophilic surfaces resist fouling [22]. There-
fore, to improve membrane resistance against fouling, the surface
hydrophilicity of the membrane should be improved [23]. Various
methods have been applied to improve the surface hydrophilic-
ity of UF membranes. Among them, incorporation of hydrophilic
nanoparticles into polymer matrix is an effective way of providing
membranes with adequate fouling resistance [24,25].

To prepare nanocomposite membranes, various nanoparticles
such as titania (TiO2) [26], mesoporous silica (SiO2) [27], SiO2–GO
[28], alumina (Al2O3) [4], zirconia (ZrO2) [29], zinc oxide (ZnO)
[20], silver (Ag) [30], zeolite [31], and multi-walled carbon nano-
tubes [7,32] have been used. Arsuaga et al. [33] investigated the

effect of metal oxide nanoparticles on the morphology and perfor-
mance of nanocomposite membranes. They found that the presence
of nanoparticles in the casting solution decreases contact angle,
increases water flux, and improves fouling resistance. Vatanpour
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t al. [34] studied the antifouling properties of MMMs  incorporated
ith boehmite nanoparticles. The addition of boehmite nanopar-

icles to the membranes changed the structure and morphology
f the resulting membranes and created more hydrophilic and
moother surfaces, leading to a substantial increase in the solution
ux and flux recovery ratio. While there have been many studies
n modifying PSUF membranes using various hydrophilic nanopar-
icles, to best of our knowledge, there has been no reported study
f using SA nanoparticles in the PS casting solution. SA nanoparti-
les form a stable inorganic material that is inexpensive, non-toxic,
nd resistant to chemical cleaning agents. Our expectation was  that
he addition of SA nanoparticles improves the hydrophilicity and
urface properties, and decreases fouling of the MMMs  due to the
xtra OH groups on their surfaces.

In this work, we aimed to fabricate novel PS/SA- UF membranes
ith satisfactory antifouling properties. To achieve this, we  synthe-

ized SA nanoparticles and loaded them into PS to fabricate high
erformance MMMs  via the phase inversion method. Finally, the
haracteristics, structure, and morphology of the fabricated mem-
ranes were studied.

. Materials and methods

.1. Materials

Aluminum nitrate 9-hydrate [Al (NO3)3·9H2O] and sodium
ydroxide (NaOH) supplied by Merck (Germany) and salicylic acid
btained from Scharlau (Germany) were used for the synthesis of
oehmite and SA nanoparticles. Polysulfone (PS, Mw 35000 g/mol)
rovided by Solvay was used as the base polymer for the prepa-
ation of the mixed membranes. N,N-dimethylacetamide (DMAc,
9.8%) as the polymer solvent, Triton ×100 and sodium dodecyl
ulfate (SDS) as surfactants, polyethyleneglycol (PEG) with a molec-
lar weight of 400 Da as the pore former, and bovine serum albumin
BSA, MW ∼66 kDa) as a model protein for fouling tests were pur-
hased from Merck (Germany).

.2. Preparation of boehmite nanoparticles

Boehmite nanoparticles were synthesized according to the pro-
edure described in Ref. [35]. A brief summary of the procedure we
sed is as follows. First two solutions were made: a NaOH solu-
ion by dissolving 6.490 g of NaOH in 50 ml  of distilled water, and
n Al(NO3)3·9H2O solution by dissolving 20 g of Al(NO3)3·9H2O
n 30 ml  of distilled water. The sodium hydroxide solution was
hen gradually added to the Al (NO3)3·9H2O solution at a rate of
.94 ml/min, while the aluminum nitrate solution was  stirred. The
esulting milky solution was mixed and sonicated in an ultrasonic
ath at 25 ◦C for 3 h. The mixture precipitate was then filtered out
sing a filter paper, washed with distilled water, and finally dried

n an oven at 220 ◦C for 4 h.

.3. Synthesis of salicylate alumoxane nanoparticles

Salicylate alumoxane (SA) nanoparticles were synthesized from
he reaction between boehmite nanoparticles and salicylic acid
sing the procedure described next [36]. First, 6 g of boehmite
anoparticles and 12 g of salicylic acid were dissolved in 200 ml
f distilled water. The resulting suspension was sonicated in the
ltrasonic bath at 25 ◦C for 10 min  and then refluxed at its boiling

oint. Next, the mixture was cooled to the room temperature, and
ltered. To remove the unreacted salicylic acid, the precipitate was
ixed with 200 ml  of ethanol. The resulting mixture was filtered

nd kept in an oven at 60 ◦C. Fig. 1 shows the reactions involved in
Fig. 1. (a) Deprotonation of salicylic acid and (b) reaction steps for the production
of  SA nanoparticles.

the deprotonation of salicylic acid and the production of salicylate
alumoxane.

2.4. Preparation of SA/PS nanocomposite membranes

Neat and nanocomposite PS membranes were prepared using
phase inversion induced by immersion precipitation. First, Triton
X100 (2 wt.%) and PEG 400 (1 wt.%) were added to DMAc. Next, SA
nanoparticles (0.1, 0.5, 1 and 2 wt.%) were added to three separate
solutions and dispersed by an ultrasonic bath for 30 min. Triton
X100 improves the dispersion of nanoparticles in the casting solu-
tion. After a complete dispersion of the nano fillers, the PS powder
was added to the solution, and the mixture was stirred by a mag-
netic stirrer at 400 rpm for 12 h to form a uniform and homogeneous
solution. Next, the polymer solution was kept motionless for 4 h
to allow air bubbles to escape. The solution was  then cast over
a polyester non-woven fabric using a 75 �m-thick, casting knife
and immediately immersed into a non-solvent bath containing
distilled water and 0.1 wt.% SDS. SDS in the non-solvent bath influ-
ences the membrane morphology and performance. In particular, it
improves membrane surface porosity and pore density, and conse-
quently membrane permeability [37]. The fabricated membranes
were washed with fresh distilled water several times to remove
the residual solvent, followed by drying between two filter papers
at room temperature. In this paper, we will call our membranes
prepared with 0, 0.1, 0.5, 1 and 2 wt.% of SA nanoparticles UF-S0,
UF-S0.1, UF-S0.5, UF-S1 and UF-S2, respectively.

2.5. Characterization of SA nanoparticles and membranes
To study the synthesized SA nanoparticles, transmission elec-
tron microscopy (TEM) (Zeiss – EM10C – 80 KV) was used. The
thermal behavior of SA nanoparticles was  investigated via thermo-
gravimetric analysis (TGA-DCS1, Mettler-Toledo, S.A.E.) at a heating
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ate of 10 ◦C/min up to 600 ◦C under nitrogen atmosphere. To mea-
ure the size and size distribution of SA nanoparticles, a particle
ize analyzer (Brookhaven, USA) was used. Sizes of the SA nanopar-
icles were measured using the dynamic light scattering (DLS)

ethod. The FTIR spectrum of the boehmite, SA nanoparticles and
TR-IR spectra of PS/SA nanocomposite membranes were obtained
sing a FTIR-ATR spectrometer (Shimadzu Prestige-21, Japan) in

 wave range of 400–4000 cm−1. Hydrophilicity of the neat and
anocomposite PS membranes were determined by contact angle
easurements made using a contact angle meter (OCA 15 plus, Dat-

physics). The average of five measurements at different locations
n each membrane surface was reported as the contact angle.

The top surface and cross-section areas of the prepared
embranes were observed using a field emission scan electron
icroscope (FESEM, Philips-XL30, Netherlands) with an acceler-

ting voltage of 3.0 kV. Prior to scanning, small pieces of the
embrane samples were immersed into liquid nitrogen and then

ractured to obtain a sharp cross section. The fractured samples
ere coated with a thin conductive layer of gold. Also, the EDAX

nalysis was used to confirm the presence of salicylate-alumoxane
anoparticles and their dispersion in the nanocomposite mem-
ranes.

Atomic force microscopy (AFM) images of prepared mem-
ranes were characterized using nanosurf AFM (Easyscan2 Flex) to

mprove the clarity of the surface roughness of the prepared mem-
ranes. The surface roughness parameters were expressed in terms
f the average roughness (Sa), the root mean square of the Z data
Sq), and the mean difference between the five highest peaks and
owest valleys (Sz). The porosity of each membrane was determined
y a gravimetric method; that is, calculating the weight of water in
he membrane pores [38], and then using:

 =
(
mwet − mdry

)
/�w(

mwet − mdry
)
/�w +

(
mdry/�p

) (1)

here mdry and mwet are the dry and wet masses of the membrane,
espectively, �w is the water density, and �p is the polymer density.

The average pore size of the membranes was  calculated using
he experimental permeation data given elsewhere [38] and:

m =
√

(2.9 − 1.75ε) 8�lJ
ε�P

(2)

here � is the water viscosity (Pa s), l is the membrane thickness
m), J is the flux (m3 h−1 m−2), and �P  is the operational pressure
Pa).

.6. Filtration experiments

The performance of the membranes was evaluated in terms of
ure water flux, protein solution flux, and protein rejection. The
ermeation experiments of the UF membranes were carried out
sing a laboratory-scale stirred filtration cell at 3 bar and at room
emperature. The membranes were compacted at a pressure of

 bar for 1 h using distillated water to obtain a constant flux. After
embrane compaction, the membrane flux was  calculated using:

 = V

At
(3)

here V is the volume of permeate collected (L), A is the effective
embrane area (m2), and t is the collection time (h). Also, the BSA
ejection was calculated using:

 = (1 − Cp
Cf

)100 (4)
Fig. 2. TEM micrograph of the synthesized SA nanoparticles.

where Cp (mg/mL) and Cf (mg/mL) are the BSA contents in the per-
meate and feed solutions, respectively; these were measured using
an UV-spectrophotometer at 280 nm wavelength.

2.7. Antifouling experiments

After making pure water flux measurements, the dead end cell
was subjected to a 500 ppm BSA solution, and the BSA solution flux
was calculated in 15 min  intervals for 120 min. To reduce the influ-
ence of membrane concentration polarization, the rate of magnetic
stirrer was set to 400 rpm. The feed concentration was  kept con-
stant by recycling the permeate stream to the cell. After 2 h of BSA
filtration, the dead end cell was filled with 200 ml of distilled water
at 40 ◦C under magnetic stirring at the rate of 600 rpm for 30 min.
The pure water flux of the cleaned membranes (JR) was  measured
again to calculate the flux recovery ratio (FRR) of the membranes
using:

FRR =
(
Jww
Jwi

)
100 (5)

where Jwi and Jww (L m−2 h−1) are the pure water fluxes of the mem-
brane before and after BSA solution filtration, respectively. The flux
loss was quantified using the total fouling ratio (Rt), described by:

Rt = Rr + Rir =
(

1 − Jp
Jwi

)
100 (6)

where Rr and Rir are reversible and irreversible fouling,
respectively. The reversible fouling is caused by concentration
polarization and the formation of a gel layer on the membrane
surface, and it can be cleaned (reversed) by distilled water wash-
ing. However, the irreversible fouling is caused by adsorption on
the surface of membrane pores; it cannot be reversed by distilled
water washing, and hence chemical washing is needed to clean the
membrane [34]. Rr and Rir were calculated using:

Rr =
(
Jww − Jp
Jwi

)
100 (7)

Rir =
(
Jwi − Jww
Jwi

)
100 (8)

where Jp (L m−2 h−1) is the BSA solution flux of the membrane.

3. Results and discussion
3.1. Characterization of salicylate-alumoxane nanoparticles

A TEM micrograph of the synthesized SA nanoparticles is
depicted in Fig. 2; it shows the morphology of the nanoparticles
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Fig. 3. (a) TGA thermogram and (b) particle size distribution of the SA nanoparticles.
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Fig. 4. FTIR spectra of (a) synthesized SA nanoparticle, (b) bo

t nanoscale. As can be seen, the width of these nanoparticles is
bout 75 nm.

The thermal stability of salicylate-alumoxane was studied via
hermogravimetric analysis. Fig. 3(a) shows the TGA results. SA is
hermally stable up to 220 ◦C. Beyond this temperature, its ther-

al  degradation has two main steps. The first step with a 30.8 wt.%
eight loss corresponds to the thermal degradation of salicylate

rganic structure. After phase transfer to alumina, the second step
ccurs at temperatures from 400 to 550 ◦C, ending with a salicylate-
lumoxane residual weight of about 20.5%.

To measure the size and size distribution of the synthesized SA
anoparticles, dynamic light scattering (DLS) was used. A sample
LS result is shown in Fig. 3(b). As can be seen, the average diame-

er of 100 randomly-selected SA nanoparticles is about 49 nm.  The
A nanoparticle average-diameter of less than 50 nm proves that
he nanoscale-particle preparation was successful. DLS is a useful

ethod for determining the agglomeration of nanoparticles in a
olution. When nanoparticles are agglomerated, they have a poly-
ispersity index (PDI) higher than 0.7. On the other hand, a PDI less
han 0.1 indicates that the sample is highly monodisperse [39]. The
mall PDI value of 0.074 implies that these nanoparticles were well
ispersed in the casting solution without any agglomeration.

The FTIR spectrum of boehmite nanoparticles is shown in Fig. 4b.
he absorption peaks around 3085 cm−1 and 3330 cm−1 corre-
pond to energy absorbed due to OH–Al bonds stretching. The

−1
bsorption band at 1384 cm is the stretch vibration of the nitrate.
he peaks at 1072 cm−1 and 1163 cm−1 correspond to the sym-
etrical bending vibration of hydrogen bonds OH· · ·OH. The two

bsorption peaks at 675 cm−1 and 748 cm−1 correspond to Al-O-Al
e and (c) ATR-IR spectra of UF-S1 nanocomposite membrane.

bonds vibrations. These absorption peaks indicate that boehmite
nanoparticles were successfully prepared. In FTIR spectrum of the
SA nanoparticles (Fig. 4a), two absorption peaks at 675 cm−1 and
748 cm−1 correspond to the vibrations of Al O Al bonds. The peaks
at 1145 cm−1 and 1255 cm−1 are due to the stretching vibrations
of the carboxylate C O and phenolic C O groups, respectively.
The two  strong peaks at 1404 cm−1 and 1558 cm−1 correspond to
the symmetrical and asymmetrical stretch vibrations of carbonyl
groups of the carboxylate, respectively. The absorption peaks at
1475 cm−1 and 1610 cm−1 are assigned to C C vibration of the
benzene rings. The absorption peaks at 3030 cm−1 and 3075 cm−1

are assigned to the stretch vibrations of the aromatic C H groups.
Finally, the absorption peak appearing around 3335 cm−1 corre-
sponds to phenolic OH groups. These absorption peaks indicate that
SA nanoparticles were successfully prepared [36].

3.2. Characterization of nanocomposite membranes

3.2.1. ATR-FTIR analysis
The ATR-FTIR spectrum of the PS/SA nanocomposite membrane

(UF-S1) is also shown in Fig. 4c. The ATR-FTIR spectrum of UF-
S1 membrane shows peaks around 1151 cm−1, 1300 cm−1 and
1250 cm−1, which correspond to the symmetric and asymmetric
stretch of O S O and the stretching vibration of C O C, respec-
tively [23]. Also, the absorption peaks at 675 cm−1 and 748 cm−1
(vibrations of Al O Al bonds) and two  strong peaks at 1404 cm−1

and 1558 cm−1 (vibrations of carbonyl groups of the carboxylate)
confirm the presence of SA nanoparticles in the nanocomposite
membrane.
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in the gelation bath during phase separation process. Therefore, the
ig. 5. Static contact angle (◦) of water droplets on the surface of the prepared
embranes.

.2.2. Contact angle measurement
The tendency of water to wet a membrane surface is deter-

ined by the hydrophilicity parameter of the membrane, which
s generally expressed in terms of contact angle. The contact angles
f the synthesized membrane surfaces can be seen in Fig. 5. Con-
act angle of the neat PS membrane is relatively high (82 ± 0.5◦),
hich is indicative of the low hydrophilicity of this membrane. The

ontact angle of the PS membrane decreased with the addition of
A to the PS casting solution up to 1 wt.% as observed for UF-S0.5

nd UF-S1 membranes. The decrease in the contact angle indicates
hat the SA nanoparticles can improve the hydrophilicity of the
S membranes through the presence of extra hydroxyl groups on

Fig. 6. The cross-section FESEM images of (a) neat membrane, (b) 
 Science 393 (2017) 93–102 97

their surface [34]. However, by embedding 2 wt.% of SA nanoparti-
cles, the contact angle of the modified membrane increased slightly
(72 ± 0.2◦) when compared to UF-S1 membrane. This can be due to
higher agglomeration tendency of SA nanoparticles at high loading
rate, which creates a rough surface for the membrane.

3.2.3. Membrane structure and surface morphologies
The FESEM images of cross-sections of the neat and nanocom-

posite membrane loaded with SA nanoparticles are shown in Fig. 6.
As can be seen, all of the prepared membranes have a typical
porous and asymmetric structure consisting of a thin top layer as
a selective layer, a thick porous sub-layer with finger-like pores,
and a macro-pores structure at the bottom of membrane, which is
responsible for membrane mechanical support. The addition of SA
nanoparticles as a hydrophilic additive influences the kinetic and
thermodynamic aspects of the phase-separation process leading
to the formation of various morphologies. Some researchers [40]
believe that when an additive has a higher affinity to a non-solvent
like water, finger-like structures are elongated due to a quicker
liquid–liquid phase separation. The SA nanoparticles have good
affinity to water due to their high hydrophilicity; the addition of
SA to the casting solution decreases the thermodynamic stability of
the non-solvent bath. Thus, the system becomes less stable and pro-
motes a rapid exchange between the solvent and the non-solvent
connectivity of the finger-like pores increases and narrow finger-
like pores are formed across the cross-section of membrane [41].
However, a membrane with a thick top selective layer and a less

UF-S0.5, (c) UF-S1 and (d) UF-S2 nanocomposite membrane.
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Fig. 7. Surface FESEM images of (b) UF-S0.5 an

Table 1
Surface roughness parameters, overall porosities, and mean pore sizes of the pre-
pared membranes.

membranes Sa (nm) Sq (nm) Sz (nm) Porosity
(%)

Mean
Pore size
(nm)

UF-S0 18 ± 1.3 23.2 ± 1.7 186.48 ± 25.3 72 16.7
UF-S0.5 12.3 ± 0.8 16.3 ± 0.9 102.3 ± 14.2 77 13.8

p
t
o
t

b
s
r
i
t
f
i
(
S
c
c
t

directly attributed to the accumulation of the SA nanoparticles on
UF-S1 5.3 ± 0.5 6.8 ± 0.7 52.3 ± 10.4 80 15.2
UF-S2 8.9 ± 0.4 11.3 ± 0.6 86.9 ± 12.5 76 12.6

orous support layer was formed when the SA content increased
o 2 wt.%, (Fig. 6d). This can be explained by the delayed exchange
f solvent and non-solvent in the phase-separation process due to
he formation of a high viscous casting solution.

Top surface micrographs of the neat and modified PS mem-
ranes were also evaluated using a FESEM; sample results are
hown in Fig. 7. As can be seen in Fig. 7(a), the neat membrane has
elatively small pores on uniform surfaces that were formed dur-
ng the membrane preparation. When SA nanoparticles were added
o the casting solution, similar surfaces with small-size pores was
ormed. The mean pore size calculated from the permeation exper-
ments confirmed the smaller pore size of the modified membranes
Table 1). As shown in Fig. 7(d), the membrane prepared with 2 wt.%

A possesses a denser surface due to the increased viscosity of the
asting solution caused by the higher concentration of nanoparti-
les. In addition, from the FESEM images, it can be seen clearly that
he SA nanoparticles were successfully embedded into the poly-
d (d) UF-S2 nanocomposite membranes.

mer  matrix, and a homogeneous distribution without considerable
agglomeration was  achieved for the SA nanoparticles. This may  be
due to good affinity between SA and the polymer matrix.

Fig. 8 shows top surface EDAX spectra of the neat and the fab-
ricated MMMs.  Carbon, oxygen and sulfur peaks are seen in all
graphs, but the aluminum peak exists only in the MMMs,  which
confirms the presence of nanoparticles in the MMMs.  As can be seen
in Fig. 8, the aluminum content increased, as the concentration of
SA in the modified membranes increased. Also, the EDS mapping
was performed to verify the distribution of SA nanoparticles on the
UF-S2 membrane surface. The presence of elemental Al (red spots)
indicates that the SA nanoparticles dispersed homogeneously on
the MMM  surfaces without any large agglomeration.

Two- and three-dimensional AFM images of the top surfaces of
the neat and MMMs  are shown in Fig. 9. The roughness parame-
ters of the prepared membranes calculated from AFM images are
given in Table 1. As can be seen, with the addition of SA nanoparti-
cles the surfaces of MMMs  became smoother than that of the PS
membrane. The mean roughness (Sa) of the neat PS membrane
gradually decreased from 18 ± 1.3 to 12.3 ± 0.8 nm and 5.3 ± 0.5 nm
(Sa of the UF-S0.5 and UF-S1 membranes, respectively), and then
increased to 8.9 ± 0.4 nm (Sa of the UF-S2 membrane). However, the
UF-S2 membrane had a smoother surface than the PS membrane.
The roughness increase of the membrane containing 2 wt.% SA is
the membrane surface.
On the other hand, the protein molecules seem to be absorbed

to the surfaces of the valleys of the membranes that have rough sur-
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ig. 8. EDAX spectra of the top surfaces of the fabricated membranes: (a) neat PS, (b
n  the surface of (e) UF-S1 and (b) UF-S2.

aces [42]. This further confirms that a membrane with a smoother
urface has better antifouling properties.

The overall porosities of the prepared membranes are given in
able 1. These results indicate that the MMMs  have higher porosi-
ies than the neat PS membrane. The hydrophilicity of SA facilitates
he water penetration from non-solvent bath into the polymer

atrix and consequently increases the absorption capacity of the
MMs  [25]. However, the porosity of UF-S2 membrane decreased,
hich can be attributed to the nanoparticles agglomeration and

ore clogging in the membrane structure.

.3. Filtration performance

The pure water flux and BSA retention results of the prepared
embranes are shown in Fig. 10. As this figure shows, the flux

f pure water increases with the addition of SA nanoparticles up
o 0.1 wt.% and then decreases slightly. The mixed-matrix mem-
rane containing 0.1 wt.% SA has the highest pure water flux of
00 l m−2 h−1 due to the larger pore size. The incorporation of
A nanoparticles into the PS membrane matrix can improve the

ydrophilicity, which results in higher permeation and water flux.
n the other hand, the presence of SA nanoparticles leads to the
evelopment of the finger-like pores and the improvement of
he connectivity of pores over of the membrane thickness. This
S0.5, (c) UF-S1, and (d) UF-S2; and EDS mapping image of Al elemental distribution

decreases the membrane hydraulic resistance and consequently
increases water flux of membranes. In addition, SA may  absorb
water and provide alternative transport pathways for water media
through the membrane. When the SA content increases (especially
more than 2%), the water flux decreases due to the agglomeration
of nanoparticles in the membrane pores.

As Fig. 10 shows, the protein rejection of the membranes
increased, as their SA content was increased to 1 wt.%, but the rejec-
tion decreased slightly with a further increase beyond 1 wt.%. These
results can be explained as follows. With the addition of nanopar-
ticles to the casting solution, the pore size and roughness of the
membrane surface decrease, leading to higher protein rejections
for the mixed-matrix membranes. With a further increase in the
SA content to 2 wt.%, the protein rejection decreased slightly due to
the agglomeration of nanoparticles and membrane surface rough-
ness increased (Table 1). In general, it is believed that membrane
rejection increases, as the smoothness of the membrane surface
increases [17]

3.4. Antifouling ability of membranes
To evaluate the antifouling properties of the membranes, the
membranes were tested for protein solution filtration. The results
of this study are shown in Fig. 11. The protein solution flux for the
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Fig. 9. Two- and three-dimensional AFM images of the top surfaces of the neat PS membrane (a and b), and UF-S0.5 (c and d), UF-S1 (e and f), and UF-S2 (g and h) nanocomposite
membranes.

Table 2
Comparison of separation performance of present membranes with literature.

Membrane type Pure water flux (L m−2 h−1) Protein flux (L m−2 h−1) Rejection (%) FRR (%) Refs.

2% Al2O3/PVDF 74.3 – 96.5 88.5 [44]
20% TiSO4/CA 100.8 47 90.6 85.71 [45]

n
i
1
r
c
n
d
i
d
fl
t
e
fl
c

2% Silica/PES 180.2 75.8 

10% CaCO3/PS – – 

1% SA/PS 210.1 147.95 

eat PS membrane is about 107 l m−2 h−1 after 120 min. With the
ncorporation of the SA, the protein solution flux increased to 130,
34 and 143 l m−2 h−1 for UF-S0.1, UF-S0.5 and UF-S1 membranes,
espectively, and then decreased to 113.1 l m−2 h−1 when the SA
ontent increased to 2%. As can be seen in Fig. 11, at the begin-
ing of the filtration, the fluxes of all of the prepared membranes
ecreased. This can be justified as follows. Some protein molecules

n the feed solution were attached to the membrane surface and
ecreased the flux at the early stage of filtration. A steady-state
ux is reached when the rate of the attachment of foulants to
he surface and the rate of their release from the surface become

qual [27]. As can be seen, the reduction in the protein solution
ux of the neat membrane is higher than that of the hydrophilic
omposite membranes in the first 45 min  before stabilizing due to
96.1 76.2 [27]
94 71 [46]
99.3 87 This work

the hydrophobic interaction between protein molecules and mem-
brane surface [43]. In other words, the membranes modified by SA
show a lower flux reduction and a higher steady-state flux. This can
be explained as follows. The presence of SA and their hydrophilic
centers on the surface and pores of membrane can reduce the
hydrophobic interaction between BSA molecules and membrane
surface and can inhibit the adsorption of protein molecules on
the surface, and consequently can decrease the membrane fouling
[33]. Although the 0.1 wt.% SA/PS membranes showed the highest
pure-water flux, but the 1 wt.% SA/PS membranes had the high-
est protein-solution flux. The SA nanoparticles in the PS casting

solution influence the membrane performance mainly through
hydrophilicity and morphology. The highest pure-water flux of the
UF-S0.1 membranes and the decline of the flux above 0.1 wt.% SA
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Fig. 10. Effects of SA concentration on pure water permeability and protein rejection
of  the membranes.

Fig. 11. Flux decline behavior of unmodified and modified membranes with differ-
ent loading of SA during protein aqueous filtration.

F

a
b
s
s
t
t
d
p
i
r

e
a
t

ig. 12. Flux recovery ratios (FRRs) and fouling resistances of the membranes.

re ascribed to the change in membrane morphology. As suggested
y Figs. 6 and 7, membranes with a dense top surface and a thick
kin layer were formed when the concentration of SA in the casting
olution was high. This implies that membrane morphology affects
he pure-water flux more than hydrophilicity. On the other hand,
he modified membranes with 1% wt. SA had smaller pore sizes and
isplayed better antifouling properties. These better antifouling
roperties can be attributed to the improvement of hydrophilic-

ty and roughness, as the contact angle and AFM results indicate,
espectively.
Important parameters for the evaluation of the antifouling prop-
rties of the fabricated membranes are the flux recovery ratio (FRR)
nd irreversible fouling (Rir). A higher FRR and a lower Rir are indica-
ive of higher antifouling performance. Fig. 12 depicts the effect
 Science 393 (2017) 93–102 101

of the concentration of SA on FRR and Rir of the neat and MMMs.
The FRR value of the neat membrane is 63%, implying that serious
fouling occurred on the neat membrane surface. The FRR increases
to the maximum value of 87% with the addition of 1% SA to the
casting solution, which indicates a good anti-fouling performance.
The presence of SA on the surface of and inside the membrane
can decrease the hydrophobic interaction between the membrane
surface and protein molecules, and can inhibit the deposition of
proteins on the membrane surface. When the SA content increases
to 2%, FRR decreases, which can be due to pore blocking and agglom-
eration of the nanoparticles. The irreversible fouling decreases with
the incorporation of SA nanoparticles to the casting solution, as
shown in Fig. 12. Rir value of the neat membrane is 37%, whereas
this parameter decreases significantly to 13% for the 1% SA mixed-
matrix membrane. As the nanoparticle content increases to 2 wt.%
in the casting solution, pore blockage and agglomeration causes
extra hydraulic resistance.

Table 2 compares the separation and antifouling performances
of our best MMM  with those of several membranes reported in the
literature. It indicates that our MMMs  have very good separation
and antifouling performances.

4. Conclusions

To investigate the influence of SA nanoparticles on the mor-
phology and performance of PS membranes, SA nanoparticles were
synthesized and PS/SA nanocomposite ultrafiltration membranes
were successfully fabricated via phase inversion induced by immer-
sion precipitation. FTIR and EDAX analyses confirmed the presence
of SA nanoparticles in the membrane structures. FESEM images
showed that the addition of the nanoparticles reduces the sizes
of the membrane surface and sub-layer pores, and increases the
interconnectivity of the pores across the thickness of MMMs.  The
nanocomposite membranes have a higher hydrophilicity than neat
PS membranes due to the presence of extra hydroxyl groups on the
surface of SA nanoparticles. The ultrafiltration results showed that
the water flux increases at low concentration of nanoparticles, and
then decreases with a further increase in the nanoparticles con-
centration, due to the agglomeration of the nanoparticles in the
membrane pores. Because of the reduction of the size of pores
on the membrane surface, the protein rejection of the MMMs  is
higher. This study showed that the addition of SA nanoparticles to
the PS casting solution improves the antifouling properties of PS
membranes significantly.
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