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In the pervaporation (PV) of organics from aqueous solutions, the adsorption step is usually the
rate-limiting step, which affects membrane separation performance. To enhance the affinity of mem-
brane surface to organics or to weaken the affinity to water in order to increase membrane separation
performance, many methods have been developed to modify the characteristics of the membrane surface.
In this work, a superhydrophobic surface was introduced to decrease the affinity of the membrane sur-
face to water. A simple and facile casting method was used for the preparation of a pervaporation mem-
brane with superhydrophobic surfaces using SiO2 and polydimethylsiloxane (PDMS) as membrane
materials. The effect of pre-polymerization of PDMS at different temperatures was first investigated.
Then, different membrane substrates were studied. The results indicated that a higher roughness of
the membrane substrate surface leads to the easy formation of a superhydrophobic surface and that a
pervaporation membrane with superhydrophobic surface was obtained, whose water static contact angle
is 152 ± 0.6� and water sliding angle is 5�. Subsequently, the home-made pervaporation membrane was
characterized for its ability to separate a 5 wt% ethanol aqueous solution under different conditions. The
results indicated that the separation factor obtained using the membrane with a superhydrophobic sur-
face was nearly five times higher than that obtained using a membrane without a superhydrophobic sur-
face. Furthermore, when the separation was performed at different feed concentrations, the trade-off
phenomenon in the PV process was observed to be overcome using the membrane with a superhydro-
phobic surface. Thus, the results of this work are helpful to gain insight into the control of surface
wettability to enhance membrane separation performance in pervaporation process.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Pervaporation (PV) has gained considerable attention as a very
useful energy-saving and cost-effective liquid separation tech-
nique [1–2]. Based on the solution–diffusion model describing
PV, the surface structure and properties of the membrane play an
important role in the membrane separation because penetrants
must first adsorb onto the surface of the membrane before separa-
tion can occur. Thus, modification of the surface of the membrane
to enhance the wettability for the preferred penetrants is often
desirable [1]. However, some surface modifications were compli-
cated and time-consuming to implement [2] because additional
processing steps are required after membrane fabrication, which
increases the manufacturing costs and complicates the processing
[1]. Furthermore, recent surface modification techniques often use
the alteration of the chemical composition of the membrane sur-
face to change their surface properties, which has already been
criticized for its inability to retain the modified properties with
time [3].

In the preparation of a superhydrophobic surface, in addition to
the alteration of the chemical composition of the membrane sur-
face to change the surface properties, the change of the membrane
structure, especially the roughness of the membrane surface, also
affects the wettability of the surface because the wettability of a
surface depends on both the surface chemistry and on the surface
roughness [4]. Zhang et al. [5] reported that the contact angle on
smooth POTS modified silicon surface is only 110�, while the con-
tact angle on the rough surface modified with POTS can be as high
as 157.1�. Thus, some authors have already focused on the
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Fig. 1. Schematic representation of the preparation of a membrane with a
superhydrophobic surface using the casting method.
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alteration of the surface roughness to enhance surface hydrophilic/
hydrophobic property to increase the membrane separation per-
formance [6–7]. For example, Liao et al. [7] fabricated an integrally
modified membrane (I-PVDF) with a superhydrophobic surface for
direct contact membrane distillation; the results indicated that a
high and stable water flux of 31.6 L/m2 h can be obtained, which
is superior to all other PVDF flat-sheet membranes tested under
the same or similar conditions.

Superhydrophobic surfaces are forms of highly hydrophobic
surfaces with hierarchical roughness, whose water static contact
angle is greater than 150� and water sliding angle less than 10�
[8–9]. Therefore, superhydrophobic surfaces will make water much
harder to adsorb onto the membrane surface [8], thereby resulting
in a higher separation factor when it is used in the PV process due
to its separation mechanism. Many very clever methods to produce
superhydrophobic surfaces have been reported [9]. Although these
methods are good for the preparation of superhydrophobic
surfaces, most of the reported methods utilize harsh physical treat-
ments and costly materials and exhibit poor ability to scale-up in
practice [10]. For example, Chen et al. [11] developed a simple
spin-coating method to successfully fabricate SiO2/PS and
SiO2/PVC superhydrophobic composite coatings without any spe-
cial equipment or rigorous conditions. However, the spin-coating
method is still very hard process to scale-up. Thus, simple, inex-
pensive, and feasible methods are required for industrial applica-
tions of these types of superhydrophobic surfaces. The casting
method has been proven to be a simple, inexpensive, and feasible
method. In addition, casting can also be readily scaled-up in prac-
tice. As Latthe et al. [12] described in their review, the casting
method is simple and does not require special equipment or rigor-
ous conditions when it is compared with other sophisticated meth-
ods. Therefore, the casting method is used here to fabricate a
pervaporation membrane with a superhydrophobic surface.

According to previous research, superhydrophobic surfaces
should have low surface energy and a hierarchical surface
roughness. Therefore, to enhance the superhydrophobic properties
of the surface of a PV membrane, inorganic fillers of nano-silica
were used as the roughness-enhanced material because nano-
silica are suitable to form hierarchical roughness [13]. PDMS (poly-
dimethylsiloxane) was chosen as the low surface energy material to
reduce the membrane surface energy. The pieces of materials used
are eco-friendly and cheap and thus will be beneficial for the prac-
tical application of superhydrophobic surfaces in the PV membrane
industry.

In previous research, membranes with superhydrophobic sur-
faces have been widely studied. However, to the best of our knowl-
edge; although superhydrophobic surfaces have already been used
in applications such as membrane distillation and microfiltration,
there have been little articles about the fabrication of superhydro-
phobic PV membrane surfaces and the study of the effect of super-
hydrophobic surfaces on the PV separation performance. Because a
superhydrophobic surface will reduce the chemical affinity of
water to the surface [8], high selectivity is thus expected. As a re-
sult, in this work, a dense PV membrane with a superhydrophobic
surface was fabricated and the effect of both the pre-polymeriza-
tion of PDMS and the substrate characteristics on the membrane
superhydrophobic surface was studied. After the fabrication of a
membrane with a superhydrophobic surface, the nanocomposite
membrane was characterized using SEM imaging and contact an-
gle analysis. In the pervaporation study, the simultaneous
enhancement of both the separation factor and the flux is a
significant challenge due to the trade-off phenomenon in pervapo-
ration. In addition, many efforts are ongoing to overcome the
trade-off phenomenon by improving the membrane performance
using different methods, such as elevating the hydrophilicity of
the membrane [14]. In this work, the trade-off phenomenon was
investigated in the separation of an ethanol aqueous solution at
different feed concentrations and different feed flow rates. This
work provides an insight into the control of the surface wettability
to enhance the membrane separation performance in the PV
process.
2. Experiment

2.1. Materials

Polydimethylsiloxane (PDMS) was purchased from GE Toshiba
Silicones Co., Ltd., Japan.Fumed silica with a particle diameter of
10–20 nm was purchased from Haiyi Scientific & Trading Co.,
Ltd., China. Porous microfiltration (MF) substrates of cellulose ace-
tate (CA, 0.22 lm), polythersulfone (PES, 0.22 lm), and polyvinyl-
idene fluoride (PVDF, 0.22 lm) were purchased from SePRO
Corporation, USA, and Solvay Corporation, USA. Heptane and etha-
nol were purchased from Sinopharm Chemical Reagent Co., Ltd.,
China. All the chemical reagents were used as received without
further purification.

2.2. Fabrication of PV membranes with a superhydrophobic surface

The composite membranes with superhydrophobic surfaces
were prepared as follows: PDMS polymer (RTV-615, part-A:part-
B = 10:1) was dissolved in a certain volume of heptane to yield a
20 wt% polymer solution. Certain amounts (10–20 wt%) of SiO2

were added into the PDMS polymer solution to form the mem-
brane solution. The solution was stirred for approximately 5–6 h
until a homogeneous suspension was obtained at 50 �C before cast-
ing the solution onto a substrate using a casting machine. The as-
cast membrane was left overnight at room temperature, and then
transferred over to a vacuum oven at 80 �C for 5 h for complete
curing, as shown in Fig. 1. A composite membrane with a certain
hydrophobic surface was obtained.

2.3. Characterization

The water contact angle and the sliding angle were measured
on a drop shape analysis system (KRÜSS DSA100, Germany) using
a 5-lL water droplet at ambient conditions.

The surface morphology of the composite membranes were
coated with a conductive layer of sputtered gold to make it con-
ductive to enable the characterization using a field-emission scan-
ning electron microscopy(FE-SEM, Hitachi- 4800, Japan) operated
at 5 kV and 10 lA.

The viscosities of the polymer coating solution were deter-
mined by using a Brookfield viscometer (DV-IIþ pro, Brookfield
Engineering Laboratories, USA). The determination of viscosity
was performed at 25 �C.
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The topographies of the substrates were measured using AFM
(Autoprobe CP-Research, Bruker, USA) under ambient conditions
at room temperature. The scan speed was 1.00 Hz. The images
underwent second-order flattening using ProScan (version 2.1)
software.

2.4. The solubility and diffusivity of ethanol and water in membranes

The solubility and diffusivity of ethanol and water in the mem-
branes were determined using gravimetric method described else-
where [15]. A known weight membrane strip with known
thickness (l) were immersed in a pure ethanol and water solution
separately at 20 �C for a given time (t). The membrane was then
blotted quickly with tissue paper to remove the membrane surface
solution before it was weighted by a digital analytical balance. The
equilibrium solvent uptake (M1, in g of solvent per g of dry mem-
brane) was determined until no further weight increase was ob-
served for the membrane. And the ideal sorption selectivity (as)
was calculated as:

as ¼
Methanol;1

Mwater;1
ð1Þ

where Methanol,1 and Mwater,1 are the equilibrium solvent uptakes
for the pure ethanol and water, respectively.

In order to calculate the diffusion selectivity, the diffusion coef-
ficient was first estimated by a half-time method as follows [16]:

D ¼ 0:04919l2

t0:5
ð2Þ

where t0.5 is the time at which Mt/M1 = 0.5. And the ideal diffusion
selectivity (aD) was calculated as follows:

aD ¼
Dethanol

Dwater
ð3Þ

where Dethanol and Dwater are the pure ethanol and water diffusion
coefficients, respectively.

The ideal selectivity of the membrane, aideal, is then defined as
follows:

aideal ¼ as � aD ð4Þ
Fig. 2. The relationship between the temperature and the time required to achieve
2.5. Pervaporation experiment

The pervaporation experiments were performed using a home-
made apparatus, which was described in our previous work [17]. A
flat membrane with an effective area of 7.065 cm2 was sealed in a
circular plate and frame pervaporation cell. The feed solution was
maintained at the desired temperature using a water bath and a
peristaltic pump for recirculation of the liquid mixture. During
the experiments, the upstream of the membrane was maintained
at atmospheric pressure and the downstream pressure was kept
at 280 Pa, which was monitored using a Reborn ZDZ-52 Manome-
ter (Reborn Corporation, China).

The initial experiment was normally conducted for 1 h to
achieve steady state. When operating conditions were changed,
half an hour was required to again reach steady state. After achiev-
ing steady state, samples of both the retentate and the permeate
were collected for analysis. The permeate flux (J) was obtained
by weighing the permeate product collected in a cold trap (W)
for a given time (t), with its compositions determined using a
Gas Chromatography (GC-2014, Shimadzu, Japan). The PV perfor-
mance of the membrane was evaluated in terms of the permeate
flux and selectivity. The permeate flux is calculated as:

J ¼ M
At

ð5Þ
where A is the effective membrane area.
The selectivity in this work was calculated and expressed by the

separation factor, a, which is defined as follows:

a ¼ YA=YB

XA=XB
ð6Þ

where Y and X are the weight fraction of solutes in the permeate
and feed, respectively. The sub-index A refers to ethanol and B refers
to water.
3. Results and discussion

3.1. Membrane preparation

3.1.1. Effect of pre-polymerization of PDMS
In the fabrication of the organic–inorganic composite mem-

brane, precipitation of inorganic fillers may occur during the prep-
aration if the viscosity of the membrane solution is relatively low
because of the insolubility of the inorganic fillers in any organic
solvent and their higher density than most polymers, which results
in the formation of an inhomogeneous top layer, subsequently
leading to a decrease in the selectivity [18]. To prevent the precip-
itation of silica particles in the coating suspension, pre-polymeriza-
tion was utilized to assist the dispersion of the particles, which is a
technique often used to enhance the pre-polymerization of PDMS
polymer in membrane solution (suspension). Jia et al. [19] and
Moermans et al. [20] used pre-polymerization of the PDMS
polymer network with all components present at an elevated
temperature (70 �C). During this process, a partial polymerization
occurred, which led to an increased viscosity of the suspension
and an improved stabilization of the suspension. Furthermore, by
using an elevated temperature to pre-polymerize the PDMS
polymer, the time to achieve a suitable viscosity of the membrane
solution is reduced. As shown in Fig. 2, when the temperature is
higher, the time required to obtain a suitable viscosity is reduced,
thereby reducing the cost. However, to ensure that the fillers can
uniformly disperse into the polymer, the fillers require a sufficient
amount of time to achieve a uniform dispersion. To balance these
two opposing factors, a trial and error method was used to select
a suitable temperature and time. From the results, the temperature
of 50 �C was found to be suitable because at this temperature, the
time for the membrane solution to achieve a suitable viscosity
(13.19 mPa s) is approximately 5 h, which is sufficient for the fillers
to uniformly disperse into the polymer, and the membrane solu-
tion can stabilize for a relative longer time for casting. In contrast
a suitable viscosity of the membrane solution.



Fig. 3. Effect of the membrane substrates on the water CA/SA.
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with the viscosity obtained at the temperature of 60 �C, the
membrane solution can only stabilize for less than 30 s, which is
too fast to permit the casting of the membrane solution to the sub-
strate. In addition, it is also very easy for the membrane solution to
become more viscous at this high temperature. As a result, a tem-
perature of 50 �C was chosen in the following experiments.

3.1.2. Membrane substrate effects
To study the effect of substrates on the superhydrophobic sur-

face and avoid the effect of the membrane solution, the substrates
were coated using an identical membrane solution containing
20 wt% SiO2 in PDMS polymer. Fig. 3 shows the static contact angle
on different composite membranes, which indicates that the static
contact angle on the composite membrane using the PVDF sub-
strate is highest, followed by that using the PES substrate, and fi-
nally the CA substrate has the lowest static contact angle. In the
composite membrane, the selective layer coated on a substrate
forms a composite membrane. The properties of the substrate that
can affect the composite membrane separation performance have
previously been reported [21]. In this work, the factor that most
CA PES 

Fig. 4. AFM images of the membrane substrates (RSMs of CA, PES a

Fig. 5. Images of a water droplet static contact angle (A), water s
affects the hydrophobic properties of the composite membrane is
the roughness parameter, with the root mean square (RMS) of
PVDF being highest at approximately 370.2 nm (as obtained by
AFM), followed by that of PES, with a value of 168.6 nm, and finally
that of CA, with a value of 152.2 nm, which is shown in Fig. 4. It is
proposed that the roughness of the substrate surface favors the
formation of a selective layer with a desired roughness when
the selective layer is cast onto the rough substrate because
when the substrate surface is rough, the selective layer can use
the roughness of the substrate to form a suitable roughness with-
out primarily using the agglomeration of silica. In contrast, when
the substrate surface is very smooth, such as for a glass surface,
which has already been used for the formation of a surperhydro-
phobic surface, the agglomeration of silica is the primary method
to form the roughness because of the requirements of the micro/
nano-hierarchical structure. The higher the concentration of the
aggregates is, the more difficult it is for the polymer to fill all the
spaces between the particles in the aggregate, which leads to more
interstitial cavities in the membrane, thereby leading to low selec-
tivity [22]. With the help of the roughness of the substrate, the
concentration of agglomeration is low, thereby enabling the poly-
mer to fill the spaces between the particles in the aggregate. There-
fore, using the above-described approach, a dense pervaporation
membrane with a superhydrophobic surface was obtained.
3.2. Membrane characterization

Fig. 5 shows images of a water droplet static contact angle (A),
water sliding angles (B) and ethanol droplet static contact angle
(C). As shown in Fig. 5(A), a water droplet could sit on the compos-
ite membrane surface with a water static contact angle of
152 ± 0.6�. A 5-lL water droplet can easily roll off the surface when
the surface was titled by only 5� (Fig. 5(B)), indicating a Cassie–
Baxter non-wetting state. In contrast with the water contact angle,
ethanol easily spreads out on the surface, with its contact angle
being less than 8� (Fig. 5(C)), exhibiting highly oleophilic proper-
ties. Scanning electron microscope (SEM) images of the composite
PVDF 

nd PVDF are 152.2 nm, 168.6 nm and 370.2 nm, respectively).

liding angle (B) and ethanol droplet static contact angle (C).



Fig. 6. SEM images of the SiO2/PDMS membrane surface with superhydrophobic
properties (A) and without superhydrophobic properties (B).

Fig. 8. Effect of the sliding angle on the separation factor in the separation of a
4.7 wt% ethanol–water solution at 40 �C at a feed flow rate of 1.5 L/min.
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membrane reveal that hierarchical roughness surface was ob-
tained, as shown in Fig. 6(A). The enhanced surface roughness
could amplify the wettability of materials, making a hydrophobic
surface more hydrophobic and an hydrophilic surface more hydro-
philic [9]. Compared to Fig. 6(A), Fig. 6(B) shows that only nano-
scale structure is present on the surface; such nanostructure can-
not exhibit superhydrophobicity [23] Because a water droplet
can penetrate into the nano-scale surface structure, leading to an
opposite effect on the droplet adhesion, thereby making the sur-
face less hydrophobic and resulting in a high contact angle hyster-
esis [23].

To further demonstrate the low adhesion of water on the sur-
face, a series of snapshots, shown in Fig. 7, that exhibit the place-
ment of a water droplet on a surperhydrophobic surface were
obtained using the contact angle instrument. It can be seen that
when the water droplet moves from the air (Fig. 7(A)) to the sur-
face (Fig. 7(B)), the water droplet does not spread out. In addition,
with further downward movement of the needle, the exerted force
on the water surface caused the shape of the water droplet to be-
come deformed into an ellipse instead of spreading out onto the
surface, due to its superhydrophobic characteristics, as shown in
Fig. 7(C). When additional force is applied onto the water droplet,
the water droplet readily slides to the side, as shown in Fig. 7(D),
demonstrating the low contact angle hysteresis of the surface.
When the needle is retracted slowly, the deformed and displaced
water droplet can reform its water shape until finally the water
droplet detaches completely from the surface without wetting
the surface, as shown in Fig. 7(E) and (F). This phenomenon clearly
illustrates the poor adsorption of water onto the superhydrophobic
surface. For PV application, this is of utmost importance in improv-
ing the PV separation performance, considering the solution–
diffusion mechanism.
Fig. 7. A series of snapshots showing the placement of a w
Fig. 8 shows the effect of the water sliding angle on the separa-
tion factor. To study the effect of the water sliding angle on the
membrane performance and to avoid the effect of the water static
contact angle, the water static contact angle was controlled in the
range of 145–152� and different water sliding angles were studied
to investigate their effects on the separation performance. The
water sliding angle is a criterion for evaluating the surface hyster-
esis, which usually arises from the contact line pinning due to the
surface roughness and heterogeneity [24]. This approach enables
the differentiation between strong adhesion and weak adhesion
of a liquid at a solid surface [25]. Although the water static contact
angle can exceed 142� due to the surface roughness, an insufficient
roughness caused the system to be in the Wenzel state or in a
mixed wetting situation and thus water can still penetrate into
the cavities, resulting in an elongated (continuous) three-phase
contact line. Thus, the adhesion of liquid at the solid surface is
strong, which finally affects the membrane separation perfor-
mance. As shown in Fig. 8, with a decrease in the water sliding an-
gle, the separation factor increases. This behavior is the result,
when the solution–diffusion model is considered, of the strong
adhesion of water at membrane surface, which will favor the
adsorption of water onto the membrane surface, resulting in a
larger volume of water to transport through the membrane, lead-
ing to low selectivity. When water sliding angle is low, adhesion
ater droplet (5 lL) on the superhydrophobic surface.



Table 1
Solubility parameters (Mpa1/2) of ethanol, water, and PDMS[29].

Materials dd dp dh de,i
*

Ethanol 15.8 8.8 19.4
Water 15.5 16 42.4 24.1a

PDMS 15.9 0.1 4.7 17.1b

* de,i Difference of the solubility parameters of ethanol and water (a) and of ethanol
and PDMS(b).

Fig. 9. Effect of temperature on the membrane separation performance at a feed
concentration of 4.8 wt%, feed flow rate of 1.5 L/min, and a permeate pressure of
400–440 Pa.
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of water and its corresponding affinity with the membrane surface
is low [8], resulting in less water adsorbed onto the membrane and
thus transporting through it, resulting in enhanced selectivity.
Thus, it is shown in Fig. 8 that the separation factor increased
accordingly with the decrease in the water sliding angle.

Furthermore, Fig. 8 also shows that the separation factor is low
when compared to the pure PDMS, which is usually from 4.4 to
10.8 at different concentrations and temperatures. This behavior
is believed to be caused by the addition of silica into the PDMS,
which induced non-selective defects (voids large enough to permit
Knudsen flow) that are selective to smaller molecules [26]. As
shown in Table 2, although the permeant solubility of ethanol
and water in SiO2/PDMS membrane would increase with the
increasing incorporated content of SiO2 and both diffusivity selec-
tivities of ethanol and water increased with the SiO2 incorporation,
the solubility selectivity decreased, leading to lower separation
factor. This suggested that the solubility is the rate-limiting step
in the separation. This phenomenon involving decreased selectiv-
ity of membrane over ethanol due to the addition of fumed silica
was previously reported [27]. However, the separation factor ob-
tained using a superhydrophobic surface (high static contact angle
and low sliding angle) still increased nearly five times compared to
the membrane with the high static contact angle and high sliding
angle. This behavior is also illustrated in the observation that the
water sliding angle is more important in the determination of
the membrane separation performance. Furthermore, in future
articles, porous particles, such as silicalite-1 or MOF fillers, which
can enhance the adsorption of organics in the fillers, will be used
to enhance the separation factor of the hybrid membrane.

3.3. Separation performance of a PV membrane with a
superhydrophobic surface

The separation performance of a membrane is affected by oper-
ating parameters. To fully evaluate the separation performance of a
PV membrane with a superhydrophobic surface at different operat-
ing parameters, the effects of operating parameters (e.g., feed con-
centration and temperature) on the separation performance were
studied in the separation of an ethanol–water mixture.

3.3.1. Effect of temperature
Fig. 9(A) shows the effect of temperature on the fluxes and the

separation factor in the separation of an ethanol–water solution. It
can be seen that increasing the temperature leads to an increase of
the ethanol and water fluxes through the membrane. This increase
Table 2
Effects of SiO2 content on saturation sorption uptake, sorption ideal selectivity and
diffusion ideal selectivity, and ideal selectivity of the membrane for pure ethanol and
water at 20 �C.

SiO2 content
(wt%)

gethanol/
gmembrane

gwater/
gmembrane

as aD aideal

0 0.046 0.0015 30.7 0.41 12.6
10 0.063 0.0052 12.1 0.75 9.08
20 0.087 0.014 6.21 0.91 5.65
is because the driving force of the PV process is the difference of
partial pressures between the two sides of the membrane; increas-
ing the feed temperature enhances the difference of the partial
pressures, thereby increasing the driving force for ethanol and
water permeation. Furthermore, a higher temperature promotes
the motion of polymer molecules and weakens the interaction be-
tween the permeate molecules and polymer molecules, thus
reducing the transfer resistance of permeate molecules through
the membrane and facilitating their diffusion through the mem-
brane. Fig. 9(A) also shows that the separation factor increases
with increasing temperature, which results from the higher appar-
ent activation energy of ethanol than that of water. As shown in
Fig. 9(B), the temperature dependence of the permeate flux follows
an Arrhenius equation, where the apparent activation energy can
be calculated from the slope of the linear fit of the experimental
data. A higher value of the apparent activation energy of the per-
meate molecules implies an increased sensitivity to temperature.
The apparent activation energy of ethanol is calculated to be
34.28 kJ/mol, which is higher than that of water at 23.13 kJ/mol.
Thus, increasing the temperature leads to a higher separation
factor.

As discussed above, temperature can affect the membrane per-
meability and the driving force in pervaporation. The effect of tem-
perature on the membrane permeability can be best evaluated by
the permeation activation energy (Ep), which is the energy required
for a liquid species to transport across the membrane. The heat of
evaporation (4Hm) can be used to roughly measure the tempera-
ture dependence of the driving force. Therefore, the apparent acti-
vation energy (Ea) can be expressed as the permeation activation
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energy (Ep) plus the heat of evaporation (4Hm). Ep can thus be ob-
tained by subtracting the heat of evaporation from the apparent
activation energy.

The separation mechanism of pervaporation is described by a
solution–diffusion model, which includes three consecutive steps:
dissolution, diffusion and desorption. The permeation activation
energy (Ep) can also be expressed as the sum of the energies of
these three steps. The desorption step is generally regarded as a
fast step, due to the very low pressure applied in the permeate side,
and the membrane permeability is mainly determined by the sol-
ubility and diffusivity of the penetrants in the membrane. To deter-
mine which step is the rate-limiting step, the activation energies of
these two steps were compared, where the activation energy of dif-
fusion for the compounds diffusing through the membrane is rep-
resented by Ed and the enthalpy of dissolution for the compounds
to be dissolved into membrane is DHs. Ed is generally positive,
while DHs is usually negative, due to the exothermic sorption pro-
cess. Consequently, if the dissolution step is the rate-limiting step,
then jDHsj > jEdj, and Ep will be negative; if the diffusion step is the
rate-limiting step, then jDHsj < jEdj, and Ep will be positive. The
heats of evaporation (DHm) of ethanol and water are 41.42 kJ/mol
and 42.78 kJ/mol, respectively. Compared with the apparent acti-
vation energy, the value found for Ep for ethanol and water in per-
vaporation was negative, which indicated that the dissolution step
is the rate-limiting step. This dissolution limitation also explains
why ethanol can permeate through the hydrophobic membrane
preferentially over water and become enriched in the permeate,
despite of the larger molecular size of ethanol compared to water.

3.3.2. Effect of feed concentration
Fig. 10 shows the effect of feed concentration on the flux and

separation factor of the membrane at 40 �C. It is shown that as
the feed ethanol concentration increases from approximately
1.1 wt% to 5.6 wt%, the ethanol flux increases and water flux re-
mains constant, resulting in an increasing separation factor from
4.7 to 5.9 and a higher total flux, which is in contrast to the
trade-off phenomenon frequently observed between the flux and
the separation factor in pervaporation experiments [28]. This
behavior is because in pervaporation experiments, many factors,
such as the interaction between the penetrants and the interaction
between the penetrants and the membrane, contribute to the sep-
aration characteristics of a specific membrane [29]. With the
increasing surface hydrophobicity of the membrane, the sorption
of the membrane surface to ethanol will be enhanced and the sorp-
tion to water reduced. In addition, ethanol did not reach its
Fig. 10. Effect of the feed ethanol concentration on the membrane separation
performance at a temperature of 40 �C, feed flow rate of 1.5 L/min, and permeate
pressure of 370–400 Pa.
saturated adsorption level at the superhydrophobic surface of the
membrane, as usually occurs for a membrane without a superhy-
drophobic surface in this range of feed ethanol concentrations
[29]. In hydrophobic pervaporation, sorption is both the first step
and the rate-limiting step, which determines the separation perfor-
mance of membrane, as discussed above. With the increase in the
feed ethanol concentration, ethanol has a higher chance to interact
with the membrane surface, thus enabling it to permeate through
the membrane. Furthermore, an increase in the feed ethanol con-
centration normally results in an increasing activity and partial
pressure, which will enhance the driving force for the permeation
of ethanol and consequently lead to a higher flux. As for the perme-
ation of water, its constant flux may result from the compromise
between the diminished feed water concentration that leads to a
lower water flux and the coupling phenomena between ethanol
and water that leads to a higher water flux. Therefore, the ethanol
flux increases and the water flux remains constant in the range of
the experimental conditions, leading to a higher separation factor
and thus a higher feed ethanol concentration. As a result, the mem-
brane with a superhydrophobic surface can overcome the trade-off
phenomenon in the PV process. This result is similar to the results
obtained by Kariduraganavar et al. [14,30]. They reported that with
the enhancement of the hydrophilicity in the separation of water–
isopropanol mixtures, the trade-off phenomenon was overcome
due to the increasing selective adsorption.
3.3.3. Effect of the feed flow rate
At a constant feed flow rate, the rate-limiting step occurs at the

step of adsorption in the hydrophobic pervaporation, as discussed
above. In this section, different feed flow rates were considered to
investigate their roles in the hydrophobic pervaporation. Fig. 11
shows the effect of the feed flow rate on the flux and the separation
factor of the membrane with a feed concentration of 4.8 wt% at
40 �C. It is shown that increasing the feed flow rate produces a
higher flux and a higher separation factor. To understand what
renders this separation performance, one may look into the
solution–diffusion mechanism in pervaporation and the system
differences in terms of the penetrant-penetrant and penetrants-
membranes interactions. According to the solution–diffusion
mechanism, ethanol must diffuse first from the bulk solution to
the upstream side of the membrane before adsorption and
diffusion through membrane can occur. Yang et al. [15] reported
the diffusivity coefficient in PDMS to be approximately
0.88 � 10�10–4.5 � 10�10 m2/s and 1.3 � 10�9–2.0 � 10�9 m2/s for
ethanol and water, respectively. The ethanol diffusivity in water
is in the range of 0.84 � 10�9–1.3 � 10�9 m2/s. However, for
Fig. 11. Effect of the feed flow rate on the membrane separation performance at a
feed concentration of 4.8 wt%, a temperature of 40 �C, and a permeate pressure of
300–370 Pa.
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ethanol aqueous solution, the faster water molecules can force eth-
anol molecules to diffuse faster, even moving with the approxi-
mate diffusion rate of water in PDMS, which is higher than the
diffusivity of ethanol in water. Ortiz et al. [31] also reported that
the resistance of the membrane can be neglected when using a thin
PDMS membrane to recover organic compounds from its aqueous
solution. Furthermore, as shown in Table 1, the solubility parame-
ter difference between ethanol and PDMS is less than that between
ethanol and water, indicating that ethanol is apt to preferentially
adsorb onto the membrane surface from its aqueous solution when
the ethanol–water solution contacts the membrane surface. Once
ethanol is dissolved onto the membrane surface, it readily diffuses
and transports through membrane. This behavior indicates that the
adsorption and diffusion of ethanol through the membrane are fas-
ter than its transport from the bulk solution to the upstream side of
the membrane; as a result, the feed ethanol concentration gradient
layer adjacent to the surface of membrane becomes established
with the running of the experiments. When the feed flow rate in-
creases, the ethanol concentration gradient layer becomes thinner
and more ethanol can absorb onto the membrane, leading to a
higher permeate flux. With more ethanol adsorbed onto the mem-
brane surface, the hydrophobic characteristics of the membrane
surface decreases, resulting in a higher water flux. However, the
water flux enhancement depends on the amount of ethanol
adsorbed due to the superhydrophobic surface, and the enhanced
degree of water flux is less than that of ethanol, leading to a higher
separation factor. This behavior indicates that the diffusion of eth-
anol from the bulk solution to the upstream side of the membrane
has a notable effect on the separation characteristics in these
experimental conditions, due to the superhydrophobic membrane
surface.
4. Conclusions

In this study, a pervaporation membrane with a superhydropho-
bic surface has been prepared using a simple and facile casting
method. The effects of pre-polymerization of PDMS at different
temperatures and times were studied. The results indicated that
50 �C and 5–6 h was a good temperature and time, respectively,
for the dispersion of SiO2 in the PDMS solution. The different sub-
strates were then investigated to demonstrate that the relatively
high surface roughness results in a pervaporation membrane with
a superhydrophobic surface; when the water static contact angle
was controlled to be in the range of 145–152�, the effect of the
water sliding angle on the separation performance was investi-
gated. The results indicated that a lower sliding angle leads to a
higher separation factor. Investigations of the membrane separa-
tion performance under different operating conditions were
conducted, and the results indicated that the trade-off phenome-
non in the PV process was overcome in the separation of the etha-
nol–water solution using the pervaporation membrane with a
superhydrophobic surface at different feed ethanol concentrations,
and when the feed flow rate increased, the membrane separation
performance also increased. The results demonstrated that a
pervaporation membrane with a superhydrophobic surface is a
promising approach to improve the pervaporation membrane per-
formance. In addition, the proposed simple and facile casting meth-
od to fabricate the membrane is also a good method to scale up to
industrially fabricate pervaporation membranes with a superhy-
drophobic surface.
Acknowledgements

This work was supported by the Natural Science Foundation of
Jiangsu Province (No. BK20130925), the National Natural Science
Foundation of China (No. 21306080), the Research Subject of
Environmental Protection Department of Jiangsu Province of China
(No. 2013018), and the Project of Priority Academic Program
Development of Jiangsu Higher Education Institutions (PAPD).
References

[1] C.-Y. Tu, Y.-L. Liu, K.-R. Lee, J.-Y. Lai, Hydrophilic surface-grafted
poly(tetrafluoroethylene) membranes using in pervaporation dehydration
processes, J. Membr. Sci. 274 (2006) 47–55.

[2] H. Yang, P. Pi, Z.-Q. Cai, X. Wen, X. Wang, J. Cheng, Z.-R. Yang, Facile preparation
of super-hydrophobic and super-oleophilic silica film on stainless steel mesh
via sol–gel process, Appl. Surf. Sci. 256 (2010) 4095–4102.

[3] R.S. Voronov, D.V. Papavassiliou, L.L. Lee, Review of fluid slip over
superhydrophobic surfaces and its dependence on the contact angle, Ind.
Eng. Chem. Res. 47 (2008) 2455–2477.

[4] C. Urata, B. Masheder, D.F. Cheng, A. Hozumi, How to reduce resistance to
movement of alkane liquid drops across tilted surfaces without relying on
surface roughening and perfluorination, Langmuir 28 (2012) 17681–17689.

[5] L. Zhang, H. Chen, J. Sun, J. Shen, Layer-by-layer deposition of
poly(diallyldimethylammonium chloride) and sodium silicate multilayers on
silica-sphere-coated substrate—facile method to prepare a superhydrophobic
surface, Chem. Mater. 19 (2007) 948–953.

[6] N.A. Ahmad, C.P. Leo, A.L. Ahmad, Superhydrophobic alumina membrane by
steam impingement: minimum resistance in microfiltration, Sep. Purif.
Technol. 107 (2013) 187–194.

[7] Y. Liao, R. Wang, A.G. Fane, Engineering superhydrophobic surface on
poly(vinylidene fluoride) nanofiber membranes for direct contact membrane
distillation, J. Membr. Sci. 440 (2013) 77–87.

[8] R. Rioboo, B. Delattre, D. Duvivier, A. Vaillant, J. De Coninck, Superhy-
drophobicity and liquid repellency of solutions on polypropylene, Adv.
Colloid Interface Sci. 175 (2012) 1–10.

[9] S. Wang, M. Li, Q. Lu, Filter paper with selective absorption and separation of
liquids that differ in surface tension, ACS Appl. Mater. Interfaces 2 (2010) 677–
683.

[10] J. Lin, H. Chen, T. Fei, J. Zhang, Highly transparent superhydrophobic organic–
inorganic nanocoating from the aggregation of silica nanoparticles, Colloid
Surf. A-Physicochem. Eng. Asp. 421 (2013) 51–62.

[11] H. Chen, X. Zhang, P. Zhang, Z. Zhang, Facile approach in fabricating
superhydrophobic SiO2/polymer nanocomposite coating, Appl. Surf. Sci. 261
(2012) 628–632.

[12] S.S. Latthe, A.B. Gurav, C.S. Maruti, R.S. Vhatkar, Recent progress in preparation
of superhydrophobic surfaces: a review, J. Surf. Eng. Mater. Adv. Technol. 2
(2012) 76–94.

[13] H. Ogihara, J. Xie, J. Okagaki, T. Saji, Simple method for preparing
superhydrophobic paper: spray-deposited hydrophobic silica nanoparticle
coatings exhibit high water-repellency and transparency, Langmuir 28 (2012)
4605–4608.

[14] M.Y. Kariduraganavar, A.A. Kittur, S.S. Kulkarni, K. Ramesh, Development of
novel pervaporation membranes for the separation of water–isopropanol
mixtures using sodium alginate and NaY zeolite, J. Membr. Sci. 238 (2004)
165–175.

[15] T.-H. Yang, S.J. Lue, Coupled concentration-dependent diffusivities of ethanol/
water mixtures through a polymeric membrane: effect on pervaporative flux
and diffusivity profiles, J. Membr. Sci. 443 (2013) 1–9.

[16] C.M. Balik, On the extraction of diffusion coefficients from gravimetric data for
sorption of small molecules by polymer thin films, Macromolecules 29 (1996)
3025–3029.

[17] S. Liu, G. Liu, X. Zhao, W. Jin, Hydrophobic-ZIF-71 filled PEBA mixed matrix
membranes for recovery of biobutanol via pervaporation, J. Membr. Sci. 446
(2013) 181–188.

[18] M.-D. Jia, K.-V. Pleinemann, R.-D. Behling, Preparation and characterization of
thin-film zeolite–PDMS composite membranes, J. Membr. Sci. 73 (1992) 119–
128.

[19] M.D. Jia, K.V. Pleinemann, R.D. Behling, Preparation and characterization of
thin-film zeolite-PDMS composite membranes, J. Membr. Sci. 73 (1992) 119–
128.

[20] B. Moermans, W. Beuckelaer, I. Vankelecom, R. Ravishankar, J. Martens, P.
Jacobs, Incorporation of nano-sized zeolites in membranes, Chem. Commun.
2000 (2000) 2467–2468.

[21] L.M. Vane, V.V. Namboodiri, T.C. Bowen, Hydrophobic zeolite–silicone rubber
mixed matrix membranes for ethanol–water separation: effect of zeolite and
silicone component selection on pervaporation performance, J. Membr. Sci.
308 (2008) 230–241.

[22] K. De Sitter, P. Winberg, J. D’Haen, C. Dotremont, R. Leysen, J.A. Martens, S.
Mullens, F.H.J. Maurer, I.F.J. Vankelecom, Silica filled poly(1-trimethylsilyl-1-
propyne) nanocomposite membranes: relation between the transport of gases
and structural characteristics, J. Membr. Sci. 278 (2006) 83–91.

[23] H. Teisala, M. Tuominen, M. Aromaa, M. Stepien, J.M. Mäkelä, J.J. Saarinen, M.
Toivakka, J. Kuusipalo, Nanostructures increase water droplet adhesion on
hierarchically rough superhydrophobic surfaces, Langmuir 28 (2012) 3138–
3145.

[24] X. Wang, R.A. Weiss, A facile method for preparing sticky, hydrophobic
polymer surfaces, Langmuir 28 (2012) 3298–3305.

http://refhub.elsevier.com/S1383-5866(14)00133-6/h0005
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0005
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0005
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0010
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0010
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0010
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0015
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0015
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0015
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0020
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0020
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0020
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0025
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0025
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0025
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0025
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0030
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0030
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0030
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0035
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0035
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0035
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0040
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0040
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0040
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0045
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0045
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0045
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0050
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0050
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0050
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0055
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0055
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0055
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0055
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0060
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0060
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0060
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0065
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0065
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0065
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0065
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0070
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0070
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0070
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0070
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0075
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0075
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0075
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0080
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0080
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0080
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0085
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0085
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0085
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0090
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0090
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0090
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0095
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0095
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0095
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0100
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0100
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0100
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0105
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0105
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0105
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0105
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0110
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0110
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0110
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0110
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0115
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0115
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0115
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0115
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0120
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0120


H. Zhou et al. / Separation and Purification Technology 127 (2014) 61–69 69
[25] M.A. Raza, E.S. Kooij, A. van Silfhout, H.J.W. Zandvliet, B. Poelsema, A colloidal
route to fabricate hierarchical sticky and non-sticky substrates, J. Colloid
Interface Sci. 385 (2012) 73–80.

[26] S.D. Kelman, R.D. Raharjo, C.W. Bielawski, B.D. Freeman, The influence of
crosslinking and fumed silica nanoparticles on mixed gas transport
properties of poly [1-(trimethylsilyl)-1-propyne], Polymer 49 (2008) 3029–
3041.

[27] X. Tang, R. Wang, Z. Xiao, E. Shi, J. Yang, Preparation and pervaporation
performances of fumed-silica-filled polydimethylsiloxane–polyamide (PA)
composite membranes, J. Appl. Polym. Sci. 105 (2007) 3132–3137.

[28] R.Y.M. Huang, R. Pal, G.Y. Moon, Pervaporation dehydration of aqueous ethanol
and isopropanol mixtures through alginate/chitosan two ply composite
membranes supported by poly(vinylidene fluoride) porous membrane, J.
Membr. Sci. 167 (2000) 275–289.

[29] H. Zhou, Y. Su, X. Chen, Y. Wan, Separation of acetone, butanol and ethanol
(ABE) from dilute aqueous solutions by silicalite-1/PDMS hybrid
pervaporation membranes, Sep. Purif. Technol. 79 (2011) 375–384.

[30] M.Y. Kariduraganavar, J.G. Varghese, S.K. Choudhari, R.H. Olley,
Organic�inorganic hybrid membranes: solving the trade-off phenomenon
between permeation flux and selectivity in pervaporation, Ind. Eng. Chem. Res.
48 (2009) 4002–4013.

[31] I. Ortiz, A. Urtiaga, R. Ibáñez, P. Gómez, D. Gorri, Laboratory- and pilot plant-
scale study on the dehydration of cyclohexane by pervaporation, J. Chem.
Technol. Biotechnol. 81 (2006) 48–57.

http://refhub.elsevier.com/S1383-5866(14)00133-6/h0125
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0125
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0125
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0130
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0130
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0130
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0130
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0135
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0135
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0135
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0140
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0140
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0140
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0140
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0145
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0145
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0145
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0150
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0150
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0150
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0150
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0150
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0155
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0155
http://refhub.elsevier.com/S1383-5866(14)00133-6/h0155

	Novel organic–inorganic pervaporation membrane with a superhydrophobic surface for the separation of ethanol from an aqueous solution
	1 Introduction
	2 Experiment
	2.1 Materials
	2.2 Fabrication of PV membranes with a superhydrophobic surface
	2.3 Characterization
	2.4 The solubility and diffusivity of ethanol and water in membranes
	2.5 Pervaporation experiment

	3 Results and discussion
	3.1 Membrane preparation
	3.1.1 Effect of pre-polymerization of PDMS
	3.1.2 Membrane substrate effects

	3.2 Membrane characterization
	3.3 Separation performance of a PV membrane with a superhydrophobic surface
	3.3.1 Effect of temperature
	3.3.2 Effect of feed concentration
	3.3.3 Effect of the feed flow rate


	4 Conclusions
	Acknowledgements
	References


