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ABSTRACT

Novel hybrid membranes were prepared by dispersing silica nanoparticles in the active
layer of the composite membrane using polyoxyethylene sorbitan monopalmitate (Tween
40) as the mediating surfactant. The fabricated membranes were characterized by Fourier
transform infrared spectroscopy, wide-angle X-ray diffraction, thermal gravimetric analysis,
scanning electron microscopy, energy-dispersive X-ray spectroscopy, optical contact angle,
and swelling degree measurements. The pervaporative performances of these membranes
for removal of toluene from mixtures with water were investigated in terms of mediating
concentration. By increasing the mediating content in the membrane’s matrix up to an opti-
mum value of 2 wt.%, both toluene permeation flux and selectivity factor of the membrane
were increased due to enhancement in the hydrophobicity and selective adsorption resulted
from proper dispersion of the filler in the polymeric matrix. It was found that the mem-
brane containing 2 wt.% mediating surfactant exhibits the highest selectivity factor of 7,779
and a permeation flux of 36.71 gm−2 h for the feed with 150 ppm toluene at 25˚C.

Keywords: Hybrid membrane; Silica nanoparticle; Mediating surfactant; Pervaporation;
Volatile organic compounds

1. Introduction

Volatile organic compounds (VOCs) such as chlori-
nated and aromatic hydrocarbons including benzene,
toluene, ethyl benzene, and xylene are of the most
important pollutants in industrial wastewaters. These
materials can be potentially considered as the pollu-
tants of underground water resources. Due to growing
concerns about their environmental impacts, restrict-
ing regulations are imposed on effluents of various
industries.

Conventional methods such as distillation and
liquid–liquid extraction are not economically feasible
for purification of these low-concentration wastewaters
[1,2]. Other cost-effective methods such as adsorption
with activated carbon and air stripping are facing
major problems e.g. requirement to regenerate the
adsorbents or releasing pollutants from the aquatic
environment into the air.

Applying pervaporation (PV) techniques for sepa-
ration of different organic/organic and organic/aque-
ous mixtures has attracted many interests because of
their high efficiencies [3,4]. In addition, PV can pro-
duce high-purity products from isomers, azeotropes,
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and close-boiling mixtures, which are hard to be sepa-
rated by conventional methods. However, similar to
other membrane techniques, PV suffers from the
inherent drawback of trade-off effect between selectiv-
ity and permeability [5–9]. One effective solution is to
use hybrid membranes [9–11], in which the matrix of
organic polymer is filled with inorganic particles such
as SiO2 [12–14] and TiO2 [15–17]. The hybrid mem-
brane can benefit from the properties imparted by the
inorganic fillers such as high selectivity, mechanical
strength, and good thermal and chemical resistances
as well as those of the polymeric matrix, i.e. simple
processability and appropriate permeability. The
hybrid membranes are also more cost effective than
the ceramic membranes [18–23]. The most important
characteristic of these hybrid membranes is to over-
come the trade-off effect between the selectivity factor
and permeation flux [8,24].

One of the most important problems in synthesis of
nanoscale inorganic hybrids is aggregation of the fillers
in the organic matrix that causes nonselective voids in
the membrane’s structure [25,26]. Many efforts such as
grafting functional groups on the fillers [27–30], apply-
ing different kind of cross-linking agents [31,32], apply-
ing inorganic particles as precursors [30,33], in situ
polymerization of monomers and inorganic precursors
[34,35], and using other techniques have been per-
formed recently for appropriate filler dispersion [13,36].

In this work, the filler agglomeration was con-
trolled by introducing a mediating surfactant. Silica
nanoparticles are chosen to fabricate the hybrid mem-
brane with polydimethylsiloxane (PDMS) as the active
layer supported on a polyethersulfone (PES) sublayer.
Polyoxyethylene sorbitan monopalmitate (Tween 40) is
used as the mediating surfactant. The silica content is
kept constant at 10 wt.% according to the finding of
Alizadeh Nourani et al. [37] and Beltran et al. [38],
and the concentration of mediating surfactant is varied
to improve the filler dispersion. The physical and
spectroscopic properties of the fabricated membranes
are investigated. The membranes are used for perva-
porative separation of a toluene–water mixture at
25˚C. The enhancement in the pervaporative perfor-
mance of the membrane is then evaluated in terms of
permeation flux, selectivity factor, and performance
separation index.

2. Experimental

2.1. Materials

PDMS (viscosity = 5,000 MPa s and average molec-
ular weight = 40,000), dibutyltin dilaurate (DBTL), and
polyvinylpyrrolidone (PVP) (K90, Mw= 360,000) were

purchased from Sigma-Aldrich (USA). Polyethersulf-
one (Ultrason E6020 P, Mw= 58,000) was purchased
from BASF. Silica nanoparticles with the purity of
99.9% and size of 10 nm were supplied by Nano Pars
Lima (Iran). Tetraethyl orthosilicate (TEOS), Tween 40,
toluene, and n-heptane were obtained from Merck
(Germany). All reagents and chemicals were used as
received without further purifications. Deionized
water treated by a Millipore ultrapure water system
was used in all the experiments.

2.2. Membrane preparation

In this study, flat-sheet-supporting layers of PES
were prepared by dissolving PES and PVP with preset
concentrations in dimethylacetamide using phase
inversion technique. A detailed description about the
preparation method of the supporting membrane was
explained elsewhere [39].

In order to fabricate the top layer, PDMS,
n-heptane, and silica nanoparticles were mixed
together where the weight percent of silica on a sol-
vent-free basis was set to the optimum value of 10%
according to a previous research for the purpose of this
study [37]. At the same time, a mixture of n-heptane
and Tween 40 as the mediating surfactant with a ratio
of 4:1 was prepared. Both solutions were stirred for 2 h
on magnetic stirrers and were kept at 10˚C. Required
amounts of the surfactant solution were then added to
the polymeric solution to adjust the mediating surfac-
tant concentration. The prepared mixture was stirred
for one more hour. Then, certain amounts of cross-lin-
ker TEOS and DBTL as the catalyst with a ratio of
0.02:0.1:1 (respect to PDMS) were added to the poly-
meric mixture. The suspension was then sonicated for
30 min and degassed under vacuum. The homogenized
suspension was cast on the PES supporting layer as a
thin film. The solvent in the top layer was then evapo-
rated at room temperature, and thermally annealed in
a vacuum oven at 75˚C for 8 h.

The membranes were nominated based on the
mediating content as M0, M1, M2, M3, and M5. For
instance, M0 is designated to the membrane without
mediating surfactant, while M5 is the membrane with
5wt.% mediating surfactant on a solvent-free basis.
All the membranes were stored in a dust-free and dry
environment before being used in the PV experiments.

2.3. Membrane characterizations

2.3.1. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the hybrid membranes were
scanned (4,000–400 cm−1) using a Bruker Tensor 27
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FTIR spectrophotometer equipped with horizontal
attenuated transmission accessories in the attenuated
total reflectance mode.

2.3.2. Wide-angle X-ray diffraction

The morphologies of the hybrid membranes with
various amounts of the surfactant were studied at
room temperature using a Brucker’s D8 advanced
wide-angle X-ray diffractometer (Germany). The X-ray
source was nickel-filtered Cu-Kα radiation (40 kV,
30 mA). Dried membranes with uniform thicknesses
of about 40 μm were mounted on a sample holder and
the patterns were scanned in the reflection mode at 2θ
angle of 4˚–70˚ with a rate of 8˚Cmin−1.

2.3.3. Thermal gravimetric analysis

The thermal stabilities of the PDMS hybrid mem-
branes were examined by PerkinElmer TG/DTA ther-
mogravimetric analyzer. The weights of samples were
in the range of 5–8 mg. They were heated from ambi-
ent temperature to 800˚C with a heating rate of 10˚C
min−1 under a nitrogen stream with a flow rate of
25 mL min−1 to remove all possible corrosive gases.
The intercept was taken as the glass transition temper-
ature (Tg). Repeated runs after cooling with a rate of
10˚Cmin−1 exhibited reproducibility of Tg values
within ±1.5˚C.

2.3.4. Scanning electron microscopy

The surface and cross-section morphologies of the
hybrid membranes were observed by applying a JSM-
840A scanning electron microscope (Zeiss Ultra 55,
Germany) at 15 kV. All the samples were snapped in
liquid nitrogen and coated with a 400 Å conductive
layer of sputtered gold. The weight percent of ele-
ments in the membrane structure was analyzed by
EDAX (Sirius SD, e2v, UK).

2.3.5. Atomic force microscopy

The surface roughness of hybrid membranes was
investigated by Atomic force microscopy (AFM). The
AFM (DME Dual scope DS95–50-5E, Denmark) images
were recorded on “height” and “phase” channels. Sili-
con cantilevers with pyramid tip (force constant = 0.07–
0.4 Nm−1, resonant frequency = 9–17 kHz) were used.
The images were processed by the SPM program.

2.3.6. Optical contact angle (OCA) measurement

The contact angles of water on the hybrid mem-
branes were measured using an OCA measurement

device (OCA-20, Data Physics, Germany). A water
droplet with 5-μL volume was dropped on the mem-
brane with a microsyringe in an air atmosphere. At
least six contact angles at different locations on the sur-
face of each membrane were measured and averaged.

2.3.7. Swelling degree (SD) of membrane

The SDs of membranes were determined using
water–toluene mixtures with different compositions.
The dry membranes were first soaked into the feed
mixture in a sealed vessel at room temperature for
24 h. The swollen membranes were then wiped and
quickly weighted on a digital microbalance (Mettler
B204-S, Toledo, Switzerland) with an accuracy of
±0.01 mg. All the experiments were performed three
times and the results were averaged. The percent of
SD is calculated as:

SD ¼ Ws �Wd

Wd
� 100 (1)

where Ws and Wd are the weights of wet and dry
membranes, respectively.

2.4. PV experiments

The schematic of applied setup in the PV experi-
ments is shown in Fig. 1. The flat membrane is fixed
on a ring module and placed between the two parts of
a cylindrical PV cell. The whole cell is then packed by
a set of rods, bolts, and ending supports. Effective
area of membranes is 10 cm2. In order to minimize the
effect of concentration polarization, the feed-side solu-
tion is stirred by a magnetic stirrer. The vacuum in
the downstream side of the apparatus is maintained at

Fig. 1. Schematic of laboratory PV apparatus: (1) PV cell;
(2) membrane module; (3) feed side; (4) cooling trap with
nitrogen; (5) pressure indicator; (6) cooling trap; and (7)
vacuum pump.
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1 mbar using a two-stage vacuum pump (Edward,
USA). The test membrane is allowed to be equilibrated
in the feed compartment for about 1 h at 25˚C before
performing the PV experiment. The experiment is car-
ried out for 5 h at 25˚C and the permeate is collected
in a cold trap, which is chilled by liquid nitrogen. The
flux is calculated by weighing permeate on a digital
microbalance with an accuracy of ±0.01 mg. The sam-
ples are taken from the feed side at specified time
intervals and their toluene concentrations are
determined by UV–Vis technique (PerkinElmer, USA,
λ = 261.9 nm). At least triple runs are performed for all
the experiments and the results are averaged. The
results of pervaporative experiments in this study
were adequately reproducible.

The separation performances of the hybrid mem-
brane can be assessed in terms of selectivity factor (α),
permeation flux (J), PV separation index (PSI), and
total normalized flux (Jn) as given in Table 1.

3. Results and discussion

3.1. Preparation and characterization of hybrid membranes

Due to hydrophilic nature of silica nanoparticles,
uniform dispersion of these particles in the organic
solvent is hard to be achieved by direct mixing.

Agglomeration of the particles in high concentrations
restricts their usage.

Tween 40 as a polyoxyethylene derivative of sorbi-
tan monolaurate is a stable and relatively nontoxic
surfactant with wide applications in detergents. The
hydrophile–lipophile balance (HLB) of Tween 40 is
15.6. The high HLB number of this surfactant will
assist it to make proper bonds with aquatic and polar
compounds [40].

During the synthesis of the hybrid membrane in
this work, surfactant solution is added to the poly-
meric solution containing nanoparticles. The solution
is homogenized under vigorous mechanical stirring.
During this period, as shown in Fig. 2, the silica nano-
particles are placed among the polymeric network by
aiding the surfactant. The spherical silica particles are
embedded homogeneously within the PDMS matrix.
Subsequently, crosslinking is completed by adding
crosslinker and catalyst agents. The resulting hybrid
membrane is then expected to be significantly differ-
ent from that obtained by conventional methods such
as solution blending.

3.2. Morphology and surface properties of hybrid composite
membranes

Comparison of scanning electron microscopy (SEM)
images in Fig. 3(a) and (b) reveals that when 2wt.%

Table 1
Parameters used to evaluate PV performance

Selectivity factor (β) a ¼ Yt=Yw

Xt=Xw
½�� Yi and Xi: geometric means of toluene concentration in

permeate and retentate, respectively. Subscripts “t” and
“w” denote toluene and water, respectively

Permeation flux (J) J ¼ Mp

Sm :t
[g(m2h)−1] Mp: weight of permeate (g) and Sm: surface area of

membrane (m2)
PV separation index (PSI) PSI ¼ a� J [g(m2 h)−1]
Total normalized flux (Jn) Jn ¼ J � lm [g(m h)−1] lm: membrane thickness (m)

Fig. 2. Mechanism of functioning surfactant as mediating agent in fabricating hybrid membrane.
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mediating surfactant is applied (Fig. 3(b)), the disper-
sion of nanoparticle on the surface of hybrid membrane
is completely different from that without applying
mediating surfactant (Fig. 3(a)). Fig. 3(b) shows a per-
fect uniform dispersion of the particles, whereas some
agglomerated particles and non-selective voids are
noticeable in Fig. 3(a). The cross-sectional SEM image
in Fig. 3(c) confirms the uniform dispersion of the parti-
cles in polymeric matrix of the membrane with 2wt.%
of surfactant.

The EDAX result for M2 in Fig. 4 confirms that
high amounts of Si exist on the surface of membrane
having 2wt.% surfactant.

AFM images of Fig. 5 show that the proper disper-
sion of filler particles in the membranes containing
surfactant causes good roughness on the surface of
those membranes in comparison with the surface of
the membrane without surfactant. The roughness data
including Sz (10 point height), Sa (arithmetic mean
deviation), and Sq (root mean square deviation) in

Table 2 show the highest roughness for the membrane
with 2wt.% surfactant.

As seen in Fig. 6, the presence of excess surfactant
in the polymeric solution at the higher contents (more

Fig. 3. SEM images of silica-filled hybrid membranes without surfactant (a), and with 2wt.% surfactant: surface
(b), cross-section (c); magnification of 5k×.

Fig. 4. EDAX curve of hybrid membrane having 2wt.%
surfactant (M2).
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than 2wt.%) causes micelle formation [41], which not
only may encapsulate the fillers but also results in
void formation in the polymeric matrix as well as on

the membrane’s surface. The presence of free hydro-
philic heads of the excess surfactant will tend to
absorb more water which causes occupying active
sites of fillers and deteriorates pervaporative perfor-
mance of the corresponding membrane. The micelle
formation is confirmed in the SEM image of M5

(Fig. 7) with 5wt.% surfactant.
The contact angles of membranes are presented in

Fig. 8. The figure shows that the membrane with 2
wt.% surfactant has the highest hydrophobicity (con-
tact angel = 147˚). This result was expected since as
found in SEM and AFM images, the membrane with
2wt.% surfactant (M2) has the highest roughness.

Fig. 5. AFM images of silica-filled hybrid membranes with 1 wt.% (a); 2 wt.% (b), and 5wt.% (c) surfactant.

Table 2
Roughness parameters of membranes with various surfac-
tant concentrations

Membrane M0 M1 M2 M3 M5

Sz (nm) 400 705 1,200 1,160 1,130
Sa (nm) 58 81 179 187 200
Sq (n) 97 109 238 240 252

Fig. 6. Mechanism of micelle formation in presence of excess surfactant.
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Based on the Wenzel correlation, the apparent contact
angle is increased by the roughness of the surface in
the case of a hydrophobic surface [42].

3.3. Physicochemical characterization of the flat-sheet films

FTIR spectra of the membranes without surfactant
and with 2 and 5wt.% surfactant in Fig. 9 confirm the
presence of asymmetric Si–O–Si, symmetric Si–O–Si,
Si–CH3, and OH bands in the wavelength ranges of
1,000–1,150, 800–820, 1,200–1,300, and 2,800–
3,600 cm−1, respectively [43]. The intensities of each
peak are similar because of the same filler content for
all the membranes.

The X-ray diffraction spectra of hybrid membranes
are shown in Fig. 10. The figure shows a broad peak
between 2θ = 12˚ and 18˚, which is corresponded to

the diffraction of PDMS segments [44,45] with similar
intensities for all the membrane. The silica nanoparti-
cles show a noisy pattern due to their amorphous
structure with a broad peak between 2θ = 10˚ and 35˚
[37]. The peak of PDMS segments in the spectra of the
composite membranes is partially covered by the silica
spectrum.

The effect of filler dispersion on thermal stability
of the membranes was evaluated by thermal gravimet-
ric analysis tests. As shown in Fig. 11, the degradation
temperature is increased for the membranes contain-
ing surfactant. This is directly related to the appropri-
ate dispersion of the filler in the matrix that causes
formation of proper bonds between the filler particles
and the chains of the polymeric matrix. The proper fil-
ler dispersion also results in lower weight losses in
the membranes containing surfactant in comparison to
that without surfactant.

Fig. 7. SEM images of silica-filled hybrid membrane with
5wt.% surfactant (Micelle formation around filler), magni-
fication of 50k×.

Fig. 8. Contact angles of hybrid membranes with various
surfactant concentrations.

Fig. 9. FTIR spectra of hybrid membranes with different
surfactant concentrations.

Fig. 10. XRD spectra of hybrid membranes with different
surfactant concentrations.
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3.4. Prevaporation results

The pervaporative performances of the membranes
are initially evaluated by measuring their SDs in the
feeds with three different toluene concentrations of 12,
150, and 300 ppm. Fig. 12 shows that as expected SDs
are increased by increasing toluene concentration in
the feed for all the membranes because of high affinity
of toluene toward PDMS [30,35,37,39,46]. However, for
a certain feed concentration, the SD is reduced by
increasing the surfactant concentration from 0 to 2
wt.% and it is then increased by further increase in
the surfactant concentration. The decreased swellings
of the membranes having up to 2wt.% surfactant are
related to uniform dispersion of the particles and
proper bonding between the filler and the polymeric
matrix, which prohibits from swelling. However, the
excess free surfactant in the hybrid membranes (more
than 2wt.%) may lead to adsorption of more water
due to the presence of free hydrophilic heads of the
surfactant molecules and thus results in higher SDs.

This result is confirmed by considering the values
of selectivity factor, α, in the pervaporative tests with

the experimental setup as shown in Fig. 13. The figure
shows that the selectivity factor increases by increas-
ing surfactant content in the top layer of the tested
membrane up to 2wt.% and then it decreases. The
selectivity factor of M2 is 7,779, which is the highest
value among the tested membranes. This can be attrib-
uted to the proper dispersion of the filler particles in
the polymeric matrix. Meanwhile, all the membranes
having mediating surfactant show higher selectivity
factors than that of the membrane without surfactant.

Fig. 13 also represents PSI, of the tested hybrid
membranes in the pervaporative experiments. Since
PSI comprises both selectivity factor and permeation
flux, it can be considered as a proper performance
index. The figure confirms that M2 has the optimum
performance among the tested membranes.

Fig. 14 shows total, toluene, and water permeation
fluxes in the pervaporative experiments. Again,

Fig. 11. Thermal gravimetric curves of hybrid membranes
with different surfactant concentrations.

Fig. 12. Effect of surfactant content on SD of hybrid mem-
branes in feeds with different toluene concentrations at
25˚C.

Fig. 13. Effect of mediating surfactant on selectivity factor
and PSI in pervaporative experiments of hybrid mem-
branes; feed temperature = 25˚C, feed concentration =
150 ppm.

Fig. 14. Effect of mediating surfactant on total, toluene,
and water permeation fluxes in pervaporative experiments;
feed temperature = 25˚C, feed concentration = 150 ppm.
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toluene permeation flux is increased by increasing
surfactant concentrations up to 2wt.% while water
permeation flux shows a reverse tendency. The
performance of the membranes having more than 2
wt.% surfactant is deteriorated partially due to
the effect of micelle formation and decrease in
permselectivity.

In order to compare the performances of the pre-
pared membranes in this research and those from pre-
vious studies for removal of VOCs from water, the
corresponded selectivity factors and total normalized
fluxes are illustrated in Fig. 15. The figure shows that
the membrane containing silica nanoparticles in pres-
ence of 2 wt.% mediating surfactant represents the
most feasible performance that is the highest separa-
tion factor as well as an adequate permeation flux.

4. Conclusion

In this research, Tween 40 was incorporated as a
mediating surfactant in fabrication of hybrid mem-
branes comprised of a dense PDMS top layer filled
with silica nanoparticles supported on a porous PES
sublayer. The fabricated membranes were character-
ized and then tested in pervaporative tests by an
experimental setup for removal of toluene from water.
It was found that the surfactant with concentrations
up to 2wt.% significantly helps the filler to be uni-
formly dispersed in the top layer of the membrane, so
that the membrane having 2wt.% surfactant exhibits
the best performance for pervaporative separation of a

150 ppm feed, i.e. selectivity factor of 7,779, perme-
ation flux of 36.71 gm−2 h, and PSI of 285,540 gm−2 h.
However, excessive surfactant may depreciate the per-
formance of the membrane due to micelle formation,
which tends to deteriorate the uniformity of filler dis-
persion and arrangement of polymer chains causing
unselective interfacial voids and adsorption of higher
amounts of water.
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