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The separation performance of a polymeric-supported hybrid

silica membrane in the dehydration process of a butanol–water

mixture at 95 uC has been enhanced by applying a bias to the

substrate during the plasma deposition.

Pervaporation is an emerging membrane technology for the
energy-efficient purification of chemicals such as azeotropic and
close-boiling point mixtures, which are challenging to separate by
conventional thermal techniques. Specific examples include the
separation of water from organic solvents and the recovery of
organic compounds from aqueous solutions. For the first
application, a supported thin film of microporous silica has
attracted considerable attention. Within this amorphous material
small Si–O rings of about 0.3 nm in diameter are formed, which
can easily sieve small molecules such as water with a kinetic
diameter of 0.27 nm from larger ones.1–3 However, the low
hydrothermal stability limits the application of these SiO2

membranes to a few weeks at the moderate temperature of 95
uC.4 The Si–O–Si network is hydrolysed and terminal Si–OH
groups are formed. As a result cracks and large non-selective pores
eventually control the membrane behaviour. The modification of
the silica matrix with terminal methyl groups (–CH3) has been
reported to improve the hydrothermal stability up to two years.4

Another common approach to improve the hydrothermal stability
of silica membranes is the insertion of organic bridging groups
such as Si–CH2–CH2–Si in the silica matrix, as first reported by
Castricum et al.5 For example, an hydrothermal stability up to
1000 days in the dehydration of n-butanol at 150 uC has been
reported for an organosilica membrane prepared by sol–gel
condensation of a bridged precursor, 1,2-bis(triethoxysilyl)ethane
(BTESE), (C2H5O)3Si–(CH2)2–Si(OC2H5)3.6 The excellent stability of

sol–gel made BTESE-derived organosilica membranes has also
been reported for the dehydration of acetic acid.7

Cui et al.8 compared the properties (Young’s modulus, density,
adhesion energy) of organosilica films deposited on polymethyl-
methacrylate (PMMA) by means of atmospheric plasma CVD using
three different precursors. The BTESE-derived organosilica film
showed the highest Young’s modulus and adhesion to the
polymeric substrate. Recently, we reported the successful synthesis
of BTESE-derived silica membrane by means of the expanding
thermal plasma CVD (ETP-CVD).9 The obtained polymeric-
supported silica films showed comparable pervaporation perfor-
mances of n-butanol water mixture with that of ceramic
membranes. One of the advantages of using ETP-CVD for the
synthesis of hybrid silica membranes relies in its compatibility
with large area deposition and with relative low-cost and thermally
sensitive substrates such as polymers. In addition, the composi-
tion, structure and mass density of the selective layer can be
tailored by adjusting the plasma and deposition parameters9 A
commonly used approach to tailor the density of plasma-
deposited films is the control of the substrate temperature.10

However, thermally sensitive substrates such as polymers do not
allow for a large process window in this respect. An alternative
approach is to provide ion bombardment during the growth of the
layer, by means of a negative potential applied to the substrate.
Generally, an increase in substrate bias induces an increase in ion
energy as well as ion flux if a secondary plasma in front of the
substrate is generated. As a result, ion–surface interactions such as
surface species migration and surface atom displacement,
contributing to the material densification can be promoted.
However, a high-energy ion bombardment can also be detrimental
due to the sputtering. The potential of this strategy in improving
material properties has already been demonstrated for silicon
nitride11 aluminium oxide,12 hydrogenated amorphous silicon13

and pure silicon dioxide14 films deposited by means ETP-CVD.
The objective of this contribution is to demonstrate the impact

of ion bombardment in the development of highly water-selective
BTESE-derived organosilica membranes made by ETP-CVD. The
ion bombardment during the membrane growth was provided by
biasing the substrate by means of an external radiofrequency
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(13.56 MHz) power generator. The hybrid silica layer was deposited
on a polyamide-imide substrate using the ETP-CVD setup (ESI-1).
In this system, an argon plasma, generated in a dc cascaded arc
operating in a pressure range of 500 mbar and an arc current of 50
A, expands supersonically through a nozzle in the deposition
chamber kept at the pressure of 0.2 mbar. The BTESE vapour flow
rate (4.6 sccm) is injected by means of a punctured ring situated at
5 cm from the nozzle. The film deposition takes place on a
substrate situated at 60 cm from the nozzle and kept at room
temperature. The substrate holder is connected to a power supply
for the generation of the rf power via an L-type matching network,
used for impedance matching. The rf power is varied in the range
of 0 to 15 W, corresponding to dc bias voltage in the range of 23
to 298 V with respect to the ground. Experimental conditions in
respect to the membrane characterization and pervaporation
performance evaluation can be found elsewhere.9

Under the assumption that all energy supplied to the system is
used to accelerate ions and considering that the plasma potential,
Vp, is close to zero in the ETP technique, the maximum mean
kinetic energy, Ei, of the ions arriving at the substrate can be
calculated from the following equation: Ei = e|VP 2 Vdc| where, e is
the electron charge and Vdc the dc bias voltage. A linearity between
the applied rf-power and the bias voltage when using argon- and
argon/BTESE-fed plasmas was observed (ESI-2). This indicates that
all the supplied energy is used to attract ions present in the
expanding thermal plasma towards the growing layer. In addition,
the higher |Vdc| developed in argon/BTESE- fed plasma with
respect to the bias voltage developed in an argon plasma is
supported by the depletion of argon ions by the BTESE molecules
through charge exchange reactions, as previously reported.14

Table 1 reports the refractive index (l = 633 nm) determined by
spectroscopic ellipsometry (SE), the carbon-to-silicon ratio deter-
mined by X-ray photoelectron spectroscopy (XPS) and Rutherford
back scattering (RBS) and the film density, assessed from the film
thickness and the density of Si, C and O atoms (per surface area),
for the unbiased and the biased substrate (298 V). The refractive
index increases from 1.48 to 1.59 at increasing |Vdc|, while the
carbon content drastically decreases as shown by XPS and RBS
measurements. It is well-known that the microstructure and the
carbon content affect the value of the refractive index of
transparent insulator thin films such as silicon dioxide.15,16 For
instance, the carbon content and the porosity have a positive,
respectively negative contribution to the refractive index. For the
unbiased substrate, the refractive index, i.e. 1.48, is higher than
that of the thermal silica, 1.46, indicating the presence of carbon-
containing species in the deposited films. The increase of the
refractive index with increasing |Vdc| is indicative of the

densification of the deposited films as noticed by the reduction
of the carbon content and the improvement of the mass density.

Fig. 1 shows the Si2p XPS spectra of selected organosilica films
deposited at different |Vdc| values. These Si2p spectra are
deconvoluted by means of three contributions referring to SiO4

at 103.6 eV, CSiO3 at 102.8 eV and C2SiO2 at 101.8 eV.17 It can be
seen that the peak shifts to higher binding energy values as a
consequence of the change in the chemical state of the silicon
atom due to shift in chemical environment from carbon-rich to
oxygen-rich. The CSiO3 environment is the most represented,
showing the hybrid organic–inorganic character of the deposited
films. By increasing |Vdc|, the inorganic environment (SiO4)
increases at the expense of the organic moieties. This behaviour
was confirmed by the FTIR analysis (ESI-3). Fig. 2 highlights the
decrease in intensity of the vibration band associated to Si–
(CH3)x,18 Si–CH2–CH2–Si,8,19,20 Si–OCH2CH3

21 and CHx groups in
favour of Si–O–Si chain development.

Fig. 3 shows the SEM pictures of the surface of the pristine
polyamide-imide (PAI) substrate, the hybrid silica layer deposited
with and without bias voltage. The surface of the PAI support is
very rough and the presence of small pores of around 8 nm
diameter can be observed. The coverage of the PAI surface is
conformal when applying a plasma-deposited layer. A smoothen-
ing of the surface is observed when applying a bias voltage (298 V)
during the deposition, suggesting the development of a denser
film, as already observed in Table 1.

The effect of the ion bombardment on the pervaporation
performance of the plasma-deposited organosilica layers in the
dehydration of 5% water/n-butanol mixture is reported in Table 2.
The results were obtained at 95 uC after 4 days of continuous
operation, allowing a more reliable comparison in term of flux and
selectivity. The thickness of the selective hybrid silica layer,
determined by means of scanning electron microscopy (Fig. 3) was
found to be 230 nm for the unbiased substrate and 130 nm when
a bias voltage of 98 V was used. The non-selective pristine
polyamide-imide (PAI) support is characterized by a low separation
factor of 4.1, corresponding to a water concentration in the

Table 1 Carbon-to-silicon ratio (C/Si), refractive index (n) and density (r) of
plasma deposited organosilica membranes at different bias voltages

|Vbias| (V) C/Si (XPS) C/Si (RBS) n at 633 nm r (g cm23)

No bias 8.5 7.7 1.48 1.04
98 2.1 2.5 1.59 1.75

Fig. 1 Deconvolution of the XPS Si2p peak of hybrid silica films deposited for
different |Vdc| values.

14242 | RSC Adv., 2013, 3, 14241–14244 This journal is � The Royal Society of Chemistry 2013

Communication RSC Advances

Pu
bl

is
he

d 
on

 2
4 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
10

/1
0/

20
13

 1
4:

00
:1

0.
 

View Article Online

http://dx.doi.org/10.1039/c3ra41799a


permeate of 17.6 wt%. By biasing the substrate, the separation
factor increases from 172 to 950. The increase in water selectivity
with increasing bias can be explained by an improvement of the
molecular sieve effect of the deposited layer because of film
densification, in agreement with what reported in Table 1. This
means that the diffusion of butanol (kinetic diameter of 0.5 nm) in
the hybrid silica matrix is relative low compared with that of water
(kinetic diameter of 0.27 nm). In addition to the excellent water

selectivity of the RF biased membrane, the water flux was found to
increase from 0.55 to 1.55 kg m22 h with increasing the bias
voltage. For films with almost similar thickness, an increase of the
film density is normally associated with a decrease of the
permeance due to the increase resistance in the selective layer.
However, this is not the case of our plasma-deposited layers. It is
most likely that in addition of the size exclusion, the membrane
surface-solvent affinity plays an important role in the separation. A
possible explanation of this phenomenon can be found in the
decreased hydrophobicity as noticed by the behaviour of the water
contact angle (Table 2). A less hydrophobic surface favours the
adsorption of water which water easily diffuses into the pore of the
membrane. In the literature,22 the good selectivity of ceramic-
supported silica membranes towards the dewatering of alcohols
was ascribed to the combined effect of the small pore size and the
hydrophilicity of the silica layer.

In summary, applying an rf bias to a porous polymeric
substrate during the deposition enables densification of hybrid
silica layers which takes place by formation of siloxane
functionalities at the expense of the organic moieties. The
densification helps improving the separation performance
towards the dehydration of a water–butanol mixture as noticed
by the increase in water selectivity and flux.

This work was financially supported by the Dutch Ministry of
Economic Affairs/Agentschap NL within the EOS LT program,
Project EOS LT 10011763.
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