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Abstract−This study presents the synthesis and characterization of oleic acid (OA)-modified silica/polyamide (PA)
nanocomposite membranes. The thin film composite (TFC) polyamide was prepared with M-phenylendiamine (MPD)
and trimesoyl chloride (TMC) via interfacial polymerization over porous polysulfone. Five different thin film nano-
composite (TFN) membranes were fabricated by dispersing OA-modified silica nanoparticles in TMC solution. Chemi-
cal and thermal properties, surface morphology, roughness, film thickness and hydrophilicity of synthesized mem-
branes were characterized by ATR-IR, TGA, FESEM, AFM, TEM and contact angle analysis. The results showed that
incorporating OA-modified silica into thin film layer improved chemical and physical properties of nanocomposite
membranes. The effects of modification of nano silica on pure water flux and MgSO4 rejection were investigated. OA-
modified silica/PA membranes showed higher pure water flux in comparison with neat polyamide TFC membrane but
lower than unmodified silica/PA membrane; while significant increase in salt rejection was exhibited for OA-modified
silica/PA membranes. The maximum rejection for OA-modified and unmodified nanocomposite membrane was ob-
tained about 98.7% and 95.2%, respectively.
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INTRODUCTION

Application of thin film composite (TFC) membranes is increas-
ingly recognized as one of the most popular forms of membrane
separation processes for water treatment and brackish portable
water. Many literature reports support polyamide membrane per-
formance as the best TFC desalination membrane [1-5]. These asym-
metric TFC membranes are composed of a top thin polyamide
film coated over a porous polysulfone support membrane that is
further reinforced by a non-woven polyester fabric. The active layer
is usually made via interfacial polymerization of m-phenylenedi-
amine (MPD) in aqueous phase and trimesoyl chloride (TMC) in
organic phase [6-8]. For TFC membrane, the ultra-thin top layer
is the key factor for determining the total properties of composite
membrane, such as surface morphology, roughness, hydrophilic-
ity, and thermal stability. Although polyamide thin film membranes
have been used for water treatment in recent years, they require
additional improvement to optimize their chemical-physical prop-
erties and performance. The use of inorganic nanoparticles as an
additive to enhance top layer performance is now commercially
carried out, and this new type of membrane is called a thin film
nanocomposite (TFN) [9-14].

TFN membranes have produced new classes of desalination mem-
branes, whose applications to water purification need more explo-
ration. Recently, numerous reports on nanocomposite membranes

have demonstrated the development of separation performance,
permeability, selectivity, stability, or anti-fouling properties [15-19].

However, in the composite systems of mixed matrix membranes,
there is a phase separation between the polymer (organic phase)
and nano scale particles (inorganic phase). Furthermore, inorganic
nanoparticles are very easy to agglomerate in polymeric matrix and
show poor dispersion capacity in organic medium [20]. If the inter-
actions between nanoparticles are stronger than that of between
polymer molecules and nanoparticles, the nanoparticles agglomer-
ate together to form some domains in micrometer sizes. The hy-
drophilic nature of silica arising from the hydroxyl group (-OH)
on the silica surface brings about the nanoparticles to be easily
agglomerated due to hydrogen bonding of hydroxyl groups and
hardly dispersible in organic solvent and polymer matrix [21,22].
For example Namazi et al. reported poor compatibility between
PPBI and silica nanoparticles and insignificant homogeneity of the
PPBI/SiO2 membranes [23]. To resolve these problems, the inor-
ganic particles are treated with a surface agent or organic compounds
to improve the affinity between the inorganic and the polymer phases
[9]. Macromolecules can be adsorbed on the surface of nanoparti-
cles and can be replaced with the surface OH groups on nanopar-
ticles. When a macromolecule is attached to the surface of nano-
particles, it produces a thin organic shell on the surface of nanopar-
ticles. The interactive exclusion and steric repulsions effect of this
shell can reduce the agglomeration of nanoparticles [24-26]. The
modified nanoparticles can be dispersed stably in organic solvents
when high-weight hydrocarbons are used as the surface modifica-
tion agent [27]. In addition, the hydrophobic long alkyl chains on
the surface of particles improve the affinity capacity of nanoparti-
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cles in organic phase [20].
In the present work, a novel SiO2/PA nanocomposite membrane

was fabricated using modified silica nanoparticles which were func-
tionalized by oleic acid (OA). The modified silica was incorporated
into polyamide thin film membrane during the polymerization
process, and finally improved parameters were established. The sur-
face structure and other properties of the prepared nanocomposite
membranes were investigated using field emission scanning elec-
tron microscopy (FESEM), attenuated total reflectance infrared
spectroscopy (ATR-IR), transmission electron microscopy (TEM),
contact angle and atomic force microscopy (AFM). In addition,
the pure water flux and salt rejection of OA-modified silica/poly-
amide nanocomposite membranes were compared with unmodi-
fied silica/polyamide membranes.

MATERIALS AND METHODS

1. Chemicals
Polysulfone (PSf) beads (BASF, Germany), N-methyl pyrroli-

done (NMP) (Sigma-Aldrich, USA) were used to provide support
membrane. M-phenylendiamine (MPD) (Sigma-Aldrich, USA)
and Trimesoyl chloride (TMC) (Sigma-Aldrich, USA) were used
as aqueous and organic monomers in polyamide thin film forma-
tion. n-Hexan (Merck, Germany) was the organic solvent selected
for preparing the TMC solution. A commercial form of nano sil-
ica with diameters in the range of 15 to 30 nm was purchased from
Degussa. Oleic acid and 2-propanol (Merck, Germany) were used
for modification of nano silica. MgSO4·7H2O (Merck, Germany)
was prepared for feed solution.
2. Modification of Nano Silica with Oleic Acid

To prepare the OA-modified silica nanoparticles, 1 g oleic acid
(OA) was mixed with 100 ml n-Hexan. Then, 1 g nano silica par-
ticles was added and stirred at 60 oC for 4 h. The solution was then
filtered and washed thoroughly with 2-propanol and de-ionized
water. Finally, modified silica was dried at 100 oC in an oven for
24 h.
3. TFN Membrane Preparation

The support UF membrane was fabricated by using the phase
inversion technique. 17% polysulfone (PSf) was prepared by dis-
solving PSf beads into N-methyl pyrrolidone (NMP) and stirred
vigorously at 20 oC for 24 h. Next, the casting solution was spread
via casting bar over a polyester non-woven fabric support previ-
ously taped to a glass plate. The glass plate was immediately im-
mersed in a deionized water bath at room temperature. After sev-
eral minutes, the formed PSf porous support layer was separated
from the glass plate, washed thoroughly with deionized water sev-
eral times and stored in fresh deionized water at 5 oC.

Polyamide thin film was formed via interfacial polymerization
atop the hand-cast PSf porous membrane as support layer. The sup-
port membrane was immersed in a 2.0 (w/v)% aqueous solution
of MPD for 2 min. Excess MPD solution was then removed from
the support membrane surface by using a rubber roller. The MPD
saturated membrane was placed in dry air for 2 min as lag time to
let MPD diffuse the membrane, then immersed into a 0.1 (w/v)%
TMC solution in n-hexan for 1min. After the polymerization period,
the fabricated TFC membrane was dried in an oven at 70 oC for

10 min to remove excess organic solvent.
To fabricate nanocomposite membrane, an appropriate amount

of the silica nanoparticles (0.033-3.33 (w/v)%) was added into the
0.1 (w/v%) solution of TMC in n-hexane. After 1 h of vigorous
stirring and 15 min sonication, a uniform and homogeneous solu-
tion was obtained. The polymerization step is like the above pro-
cess. The prepared silica-polyamide composite membrane was finally
cured at 70 oC for 10 min. The silica loading present in the TMC
solution is shown in Table 1.
4. Membrane Characterization

The surface morphology and cross section of porous PSf sup-
port were observed by SEM (LED 1450 VP microscope, Germany).
PA composite and modified silica/PA nanocomposite membranes
morphologies were observed with an FESEM (TESCAN). The cross
section structure of prepared TFC and TFN membranes was exam-
ined by TEM. To prepare the samples, without a polyester layer,
they were stained with a 2% osmium tetraoxide (OsO4) aqueous
solution at room temperature for 4 h, washed with deionized water,
dried and embedded in epoxy resin, and finally cured in an oven
at 60 oC for 48 h. Embedded membranes were sliced with an ultra-
microtome and placed on copper grids. TEM images were observed
by a CM120 instrument (Philips, Holland) at an accelerating volt-
age of 100 KV. An ATR-IR instrument was used to characterize
the chemical structure of membranes and measure approximate
thickness of the thin polyamide films. A Thermo Nicolet Nexus
100 ATR-IR coupled with a ZnSe crystal at 45o operating angle was
used. The film thicknesses can be approximated based on the ab-
sorbance values of the C-N polyamide band according to the fol-
lowing equation [2]:

(1)

where, t (nm) is the thickness of polyamide layer, At and A0 are
the intensities of polyamide and support layer, respectively, and dp

(µm) is the depth of penetration of the beam into the sample vary-
ing with the wavelength (λ) and approximate as follows:

(2)

where, λ (cm−1) is the wavelength, θ is the beam angle; n1 and n2

are the refractive indexes of ZnSe crystal and sample.
The surface roughness of nanocomposite membranes was mea-

sured by atomic force microscopy (AFM) on Easyscan 2 Flex AFM
(Nanosurf, Switzerland). AFM images were taken on five separate
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Table 1. Composition of TMC solution for the nanocomposite mem-
branes
Sample Silica/TMC (w/v)%
S0 (neat PA) 0.000
S1 0.033
S2 0.167
S3 0.330
S4 1.670
S5 3.330
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occasions of each sample and average values were reported. Ses-
sile drop contact angles of deionized water were measured on mem-
brane samples in an environmental chamber mounted to a con-
tact angle OCA15 plus goniometr (Dataphisics, CA). The equilib-
rium values were taken as the averages of left and right plateau con-
tact angles. The reported data are the mean value of three equilib-
riums, which were obtained for each sample. The TGA instrument
used for thermal analysis consisted of a TGA-50 model (Shimadzu,
Japan). The thin film polyamide layer on the PSf support layer was
extracted from the polyester. About 3 mg of samples was taken and
heated from room temperature to about 900 oC at a heating rate of
10 oC/min.
5. Membrane Separation Performance

Pure water flux and salt rejection of nanocomposite membranes
were determined by a stainless steel cross flow filtration setup with
an effective membrane area of 9.62 cm2 (Fig. 1). The permeation
experiments were at room temperature and pressure of 0.8 MPa.
Pure water flux, Jw (m3/m2s) was calculated by measuring the vol-
ume of permeate solution through the membrane per unit time
according to the following equation:

(3)

where, Qp (m3/s) is the permeate water flow rate and Am (m2) is
the effective membrane area.

The water permeability coefficient, Lp (m3/m2 s Pa) was extracted
directly from the water flux and the applied pressure according to:

(4)

The salt rejection was evaluated using standard aqueous feed con-
taining 2,000 ppm MgSO4 at 25 oC. Observed solute rejection was
measured as follows:

(5)

where, Cp and Cf are the solute concentrations in the permeate
and feed solution, respectively. The influence of solute concentra-
tion polarization on the observed rejection was assumed negligi-
ble, due to small effective surface of membrane. The pore size of
membranes was estimated using the exclusion model from the fol-

lowing equation [3]:

(6)

where, rp is the pore radius and rs is the solute radius assumed for
MgSO4.

RESULTS AND DISCUSSION

1. Characterization of Modified Silica Nano Particles
The surface groups of silica nano particles before and after mod-

ification by oleic acid were characterized by FTIR. The OA spec-
trum in Fig. 2 indicates the long alkyl chain peaks at 2,920 and 2,850
cm−1 and COOH peak at 1,720 cm−1 [20]. These peaks are seen in
the modified sample spectrum when compared to an unmodified
sample. The strength of peak at 3,230 cm−1 corresponding to OH on
the surface of the silica nanoparticles decreases in OA-modified
silica curve. Thus, it can be concluded that the COOH has reacted
with OH on the surface of nanosilica and the product is carboxyl-
ate. The appearance of these peaks on the surface of modified sil-
ica implies that functional groups of OA have been successfully
absorbed on the silica surface due to electrostatic interactions. A
proposed structural model for oleic acid modified silica nanoparti-
cles is illustrated in Fig. 3.
2. Characterization of TFC and TFN Membranes

The ATR-FTIR spectra for PA and five nanocomposite mem-
branes are shown in Fig. 4. The spectra reveal both effective thin
layer of PA and PSf sub-layer because the IR beam penetration
depth exceeds the thickness of the polyamide layer. The IR spectra
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Fig. 1. The schematic diagram of cross flow system.
1. Feed tank 4. Valve 7. Retentate flow
2. Pump 5. Barometer 8. Bypass
3. Filtration cell 6. Permeate flow 9. Cooling system

Fig. 2. FTIR spectra of oleic acid, unmodified silica and OA-modi-
fied silica.

Fig. 3. Proposed mechanism of reaction between SiO2 nanoparticles
and oleic acid.
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clearly present the primary amide (C=O) at 1,658 cm−1 and amide
II (C-N) band at 1,560 cm−1 [28]. C-O-C stretching at about 1,245
cm−1 and CH3-C-CH3 stretching are assigned to the characteristic
of polysulfone bands in sub-layer. The Si-O-Si peaks at 1,064 cm−1

confirmed the silica bands existing on the membrane surface, which
probably represent overlapping with other peaks [1]. As indicated
in Fig. 4, the Si-O-Si band intensity of the samples grows with in-
creasing silica content. The ATR-IR spectrum of nanocomposite
membranes shows the weakly increase of the peak intensity at 1,450
cm−1 and 1,369 cm−1 assigned to the CH and the CH3 stretching,
respectively, and 877 cm−1 is the characteristic of (=C-H) stretch-
ing of oleic acid. This band does not appear in the IR spectrum of
neat polyamide. Upon the increasing nanosilica to membranes, the
characteristic bands of (=C-H) at 850-900 cm−1 appeared weakly
in the spectra of nanocomposite membranes, but this is not clearly
distinguishable for S1 and S2. It indicates the interaction between
C=C double bond of oleic acid with carboxyl group of TMC that
is schematically depicted in Fig. 5. The (=C-H) stretching inten-
sity increases for higher OA-modified silica content membrane due
to agglomeration of nanoparticles and decrease of the interaction.

Fig. 4. ATR-FTIR spectra of PA and modified silica/PA membranes.

Fig. 5. The suggested reaction between OA- modified SiO2 and TMC during polymerization of polyamide.

Table 2. Characteristics of nanocomposite membranes with differ-
ent nano silica content

Sample Lp (µm/MPa s)a rp (nm)b t (nm)c

S0 2.5 0.345 061
S1 2.7 0.336 062
S2 2.7 0.319 084
S3 3.1 0.365 113
S4 4.3 0.413 151
S5 6.8 0.476 171

aPure water permeability
bRadii of polyamide pores
cThickness of polyamide layer

From the intensities of the 1,658 cm−1 band, the thickness of poly-
amide film over PSf sub-layer is calculated according to Eq. (1).
The calculated thicknesses of polyamide films (t) are presented in
Table 2. The low silica-containing polyamide film (sample S2) thick-
ness is nearly the same as the neat polyamide film (S0); however
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for higher silica-containing membranes (S3, S4 and S5), the film
thickness is raised by excess silica, while the thickness of S5 is more
than twice the thickness of S0. The ATR mode offers the possibil-
ity of concentration on a micron-thin layer, which makes it a suit-
able tool for studying the active layer thickness of composite mem-
branes [16]. A0 and At were estimated from ATR-FTIR data for C-
C band of PSf and C-N polyamide stretch, respectively. Accord-
ing to Eq. (2), dp is calculated about 1.156µm.

The thermal stability of neat polyamide and prepared nanocom-
posite membranes is illustrated in Fig. 6. The decomposition range
is about 528 oC to 650 oC for all samples. The initial region appeared
from 50 to 200 oC with about 3% weight loss for all samples, which
can be assigned to the evaporation of residual organic solvent and
water after drying. TGA curves analysis suggests two major weight-
loss regions, which is consistent with the results obtained by other
researchers for polyamides [29,30]. The first decomposition begins
at 528 oC for neat PA and in the range of 528 oC to 534 oC for S0
to S5 samples, whereby the main mass loss occurred in the mate-
rials. In the second region, the char that was formed from the ear-
lier stage experienced continuous oxidative degradation [31]. The
weight loss of lower nano silica content membranes is similar to
neat polyamide. In the higher nano silica content membranes (S4
and S5), the range of decomposition temperature is enhanced. One
possible explanation for this phenomenon is the strength of the
interaction between the filler and the polymer during the polym-

erization, which is confirmed by FTIR test. The mass of residue is
related to the nano silica content of membrane and increases with
increasing silica loading (Table 3).

The surface morphology and cross section of PSf support mem-
brane are displayed by SEM micrographs in Fig. 7. The neat PSf
support membrane shows a featureless and smooth morphology
of the surface. After interfacial polymerization onto PSf support
membrane, the morphology of the top layer of PA is dense, rough
and ridge-valley or leaf-like in shape. Fig. 8 presents the surface
morphology of nanocomposite membranes as a function of nano-
silica percentage. With the addition of modified silica nano parti-
cles, the surface microstructure of the samples is smoother for low
silica content membranes. Clearly, the higher silica content sam-
ples have a rather rough surface morphology. As shown in the fig-
ure, a leaf-like structure is visible on the surface of S0 to S3, while
S4 tends to a nodular surface structure. The presence of nano sil-
ica in the organic phase may enhance the miscibility of aqueous
and organic phase during polymerization and ease of diffusivity of
the MPD molecules in organic solution. However, by increasing
the amount of nano silica, the agglomeration of particles has oc-
curred, which can disturb the formation of polyamide film on the
saturated support. This leads to the low formation of leaf-like folds
of PA, which can be easily recognized in Fig. 8. Although the hy-
drophobic oleic acid on the surface of particles improves the dis-
persive capacity of nanoparticles in the organic solvent, because
SiO2 nanoparticles are very active to absorb OH, the groups of OH
on the surface of the nanoparticles cannot be replaced with OA
completely [20]. Therefore, the OH groups which remain on the

Table 3. TGA characteristics of the samples

Sample Initial stage
temperature (oC)

Decomposition stage
temperature (oC)

Residue
(wt%)

S0 131 452-529 08.7
S1 132 483-528 10.1
S2 141 489-531 10.9
S3 150 483-534 11.9
S4 152 484-534 14.2
S5 164 490-534 14.4

Fig. 6. TGA of neat PA and nanocomposite membranes. The curves
have been shifted in vertical direction.

Fig. 7. SEM picture of: (a) surface and (b) cross section of PSf support.
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surface of nanoparticles make them apt to aggregate in high silica
concentration.

Fig. 9 shows cross sections of three different nanocomposite mem-
branes. The layers of the membranes with different osmium tetrox-
ide content are clearly recognizable in this figure. The images show
the relatively rough ridge and valley structure characteristic of poly-
amide as confirmed by FESEM images. These prepared samples
have a heterogeneous surface and various thicknesses. The protru-
sions at the surface of neat PA membrane are wormlike sharp-tip
shapes, whereas the TFN membranes are almost similar to oval
knoll of barrows. In this regard, similar findings can be found in
literature [32]. According to Fig. 9(a), the total thickness of the neat
PA membrane active layer can be estimated to be about 100 nm.
By incorporating silica particles into PA selective layer, the thick-
ness of PA increases, and this increase depends on the silica con-
tent. This result is consistent with the Jadav and Singh [1] study, in
which they used the ATR-FTIR test for the evaluation of the thick-
ness of silica/PA nanocomposite membranes. The thickness of low

content silica layer (sample S2) is nearly the same as neat PA mem-
brane, but the thickness of high silica content polyamide (sample
S4) is about 190 nm. As indicated in the TEM pictures, the poly-
amide layer is not completely dense, and sporadic holes appear some-
where in the layer. Nevertheless, the polyamide has an ultra-thin inner
layer, which seems dense and without any pores. The boundary
between the two layers (dark and bright parts of membrane) cor-
responds to the dense barrier. The red circles in the PA layer are
drawn around features believed to be silica nanoparticles.

The surface roughness of the samples was characterized by AFM.
AFM measurements were performed on tapping mode, which is
appropriate for soft polymers [15]. Typical 3D images of the sur-
face of samples in 10µm×10µm frame are shown in Fig. 10. This
clearly shows the heterogeneity of membrane surface with famil-
iar ridge-valley morphology of PA membranes. Surface roughness
(Sa and Sq) of samples is given in Table 4.

The roughness plays an important role in membrane performance,
in that increase of roughness enhances the permeate flux; How-

Fig. 8. FESEM images of TFC and TFN membranes.
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Fig. 9. TEM images of membranes (a) neat PA, (b) S2 and (c) S4.

Fig. 10. AFM topography of nanocomposite membranes.
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ever, it has often caused fouling due to particle trapping in the val-
leys. As reported in literature, when nanoparticle loading increases,
TFN membranes become smoother [15]. The low-silica content
membranes depicted in Fig. 10, show a smoother surface (32.6 nm
and 18.9 nm) with fewer peaks compared to neat PA. This study
revealed that the roughness is decreased by silica adding in low con-
tent, but after a specific concentration, the roughness increases with
increase of silica loading. This behavior can be explained by nano
silica agglomeration on the PA surface changing the membrane
morphology and obtaining rougher surface as the S5 had the high-
est roughness, about 73.5 nm. The contact angle of synthesized
membrane is plotted in Fig. 11. The contact angle of neat polyam-
ide is about 66.5o. As the modified nano silica was added to poly-
amide, contact angle decreased to minimum 47.3o for the S3 sample.
By adding further nano silica, fewer hydrophilic membranes (S4
and S5) with higher contact angle were produced. In general, add-
ing nano silica to polymer increases the hydrophilicity of mem-
brane surface, which leads to improvement in the water permeability
and reduces fouling. But Surface modification of the silica parti-
cles with organic modifiers can decrease the amount of hydroxyl
groups on the silica surface. Consequently, the aggregation of extra
modified particles with hydrophobic groups on the surface reduces
the hydrophilicity of the membrane, and finally increases the con-
tact angle.
3. Membrane Performance in a Cross-flow Setup

The pure water flux of nanocomposite membranes for both modi-
fied and unmodified silica is shown in Fig. 12. The pure water flux
in all cases of both series was enhanced by increasing the amount
of nano particles. However, OA-modified silica/PA membranes
flux was a little lower than that of unmodified silica/PA membranes.

It can be attributed to the role of COOH groups on the surface of
silica that decreases the hydrophilicity of prepared TFN membrane.
However, the permeability of OA-modified silica/PA membranes
has been improved from 2.5 (µm/MPa s) for S0 to 6.8 for S5 as
presented in Table 2. The pure water permeability of OA-modified
silica/PA membranes correlates most strongly with hydrophilicity
but not with roughness. The permeability of sample S2 with the
smoothest surface (18.9 nm) is much higher than S0 with a more
rough surface (35.5) but lower than S5 with the highest surface
roughness (73.5 nm). Ghosh et al. [6] showed that the leaf-like folds
on the membrane surface do not contribute directly to the perme-
ation and only increased the contact area. Pore size of the PA layer
is another effective parameter. The rp for samples S1 and S2 was
decreased compared to S0 (Table 2), so it can be said that their rejec-
tion enhanced. In addition, the permeate flux of polyamide com-
posite membrane has been reported to be influenced by the thickness
of thin barrier layer [6]. The membranes prepared in this study
showed higher flux despite increasing thickness due to increased
silica loading. Increase in thickness of barrier layer should increase
the mass transfer resistant factor. If thicker layer has larger pores, it
is clear that the total resistance decreases, and thereby permeate
flux improves. On the other hand, permeate flux depends on hy-
drophilicity and porosity of the polyamide layer more significantly
than other parameters such as film thickness or roughness. Salt rejec-
tion for MgSO4 separation is presented in Fig. 13. In this figure,

Table 4. Surface roughness and contact angle of nanocompos-
ite membranes

Sample Sa (nm)a Sq (nm)b Contact angle (degree)
S0 25.4 35.5 66.5
S1 23.6 32.6 53.3
S2 10.5 18.9 52.8
S3 13.6 23.6 47.3
S4 29.1 39.5 52.2
S5 55.2 73.5 56.4

aAverage arithmetic roughness
bThe root mean square roughness or RMS

Fig. 11. Contact angle of OA-modified silica/PA membranes.

Fig. 13. MgSO4 rejection of unmodified and OA-modified silica/
PA membranes (T=25 oC, P=0.8 MPa).

Fig. 12. Pure water flux of unmodified and OA-modified silica/PA
membranes (T=25 oC, P=0.8 MPa).
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the variation of rejection vs. various loading of nano silica is shown
for both modified and unmodified nanocomposite membrane series.
The neat PA rejection is about 94 percent. Only low-silica contain-
ing samples S1 and S2 exhibited higher rejection than neat PA mem-
brane for both series. Among the prepared samples, S2 showed the
best rejection, about 98.7 and 95.2 for modified and unmodified
nanocomposite membrane, respectively; however, the rejection
was decreased for high-silica loading samples (S3-S5). Singh and
Aswal [9] studied the interaction between silica particles and PA
layer by the small angle neutron scattering (SANS) technique. They
found that for low containing silica nanocomposite membranes, the
surface of silica particles interacts well with the polyamide chains,
but this interaction was reduced for TFN samples with excess sil-
ica [9]. This comes from the fact that at higher loading content of
silica, the phase separation exists by aggregated nano particles, which
in turn reduces the PA crosslinking reaction significantly. In this
case, more porous TFN is obtained. The size exclusion is very im-
portant and a well-known mechanism for the solute retention in
nanofiltration membranes. The rejection of solutes governed by
size exclusion from a nanofiltration membrane strongly depends
on the membrane pore radii. To ascertain the influence of porous
structure of silica/PA membrane skin on the rejection, the pore size
(rp) of modified nanocomposite membranes is displayed in Table
2. Results show an inverse relation between pore size and rejec-
tion as smaller pore size causes superior salt rejection (Fig. 13, Table
2). The average rp for neat polyamide membrane is about 0.345 nm,
and it is nearly the same of Mg2+ stokes radii (0.341 nm [33]). The
rp for S1 and S2 was decreased up to 0.319 nm and for both of them
was smaller than Mg2+. Whereas, the pore size of other samples
(S3 to S5) increased up to 0.476 nm due to the particles agglomer-
ation. These data can be used to justify the experimentally deter-
mined membrane rejections of MgSO4 as presented in Fig. 13. In
all samples, the rejections of OA-modified silica/PA membranes
were higher than unmodified ones. Also as an interesting finding,
the difference between rejections of the modified and unmodified
TFN samples increased with silica loading. This can be explained
by better affinity between modified silica consisting of COOH group
and polymer chain compared to unmodified nano silica. In other
words, functional groups of modified silica improve the crosslink-
ing between polymer chains and cause a dense PA layer to form.

CONCLUSION

Oleic acid-functionalized silica nanoparticles were successfully
prepared, characterized and incorporated into polyamide matrix
to tailor the membrane structure and performance of TFN mem-
branes for desalination. The silica nanoparticles were modified to
provide COOH functionalized groups on the silica surface in order
to increase interaction between nanoparticles and polymer matrix.
Polyamide nanocomposite membranes were prepared via interfa-
cial polymerization by dispersing the different loading of nanopar-
ticles in TMC solution. The addition of modified silica to polyamide
matrix caused hydrophilicity and water flux of TFN membranes to
increase. FESEM and AFM surface images of TFC and TFN mem-
branes showed initially a surface roughness, which was reduced by
adding of modified silica, and then increased by further increas-

ing of silica amount. The behavior of OA-modified silica/PA mem-
branes in salt rejection and water flux experiments was compared
to unmodified silica/PA membranes. The results confirmed that
OA-modified silica membranes demonstrated higher salt rejection
but lower water flux than unmodified ones.
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