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Abstract

Thiswork focuses on the effect of poly(dimethyl siloxane) (PDMS) cross-linking on the permeation performance of the poly(acrylonitrile)
(PAN)/PDMSS nancfiltration (NF) composite membrane. PDM S membrane of various cross-linking degrees could be obtained by changing
theratio of avinyl-terminated pre-polymer over a hydride cross-linker, 10/0.7, 10/1 and 10/2.

The hexane permeability (Pheane) through the PAN/PDM S composite membrane prepared at pre-polymer/cross-linker ratio of 10/0.7 is
higher than at ratio of 10/1 (4.5and 3.11m~2 h~* bar~2, respectively), dueto the higher membrane swelling. The Peane through the PAN/PDM S
prepared at pre-polymer/cross-linker ratio of 10/2 is however higher than through the composite membrane prepared at 10/1 ratio (4.1 and
3.1Im~2h~tbar~1). Thisresult is not consistent with the swelling findings of the dense, free-standing PDM S membranes and might be due
to the lower pore intrusion of the composite membrane prepared at ratios of 10/2 compared to 10/1 and/or due to the heterogeneous quality
of the silicone network. The “apparent” viscosity inside the membrane and the membrane swelling are the most critical factors affecting the
hexane permeability through all composites. Neverthel ess, the composite membranes prepared at various pre-polymer/cross-linker ratios have

similar oil and/or PIB retention probably due to the high swelling of the silicone network.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The mass transport of organic molecules through
poly(dimethy! siloxane) (PDMS) dense membranesis based
on the solubility and diffusivity of the penetrants into the
polymer [1-4]. By introducing extracross-linksinthe PDMS
network, the membrane swelling may be restricted and the
diffusivity of the penetrant through the PDMS would de-
crease. Severa studies[1,2,5-8] used PDM S-based NF mem-
branesin various non-agueous media due to the high affinity
of PDMS for non-polar organic solvents. Bhanushali et al.
[5] indicated that cross-linking degree of the silicone network
may be a very important parameter determining the perme-
ation characteristics of the NF membranes. However, no sys-
tematical study has been performed concerning the influence
of the PDM S cross-linking degree on the transport properties
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of silicone-based NF membrane, mainly because the studied
membranes are commercia and the exact nature of their se-
lective layer has not been fully revealed. Concerning gas and
vapour transport through dense silicone membranes, Hagg
[9] reported a significant effect of the PDMS cross-linking
degree on the permeability of Clo, O2, and N2> while Nguyen
et al. [10] studied the significance of the cross-linking degree
on the pervaporation of water—ethyl acetate mixturesthrough
the dense PDM S membranes.

In an earlier study [1], we used poly(acrylonitrile)
(PAN)/PDMS membranes prepared at pre-polymer/cross-
linker weight ratio of 10/1 (which is the recommended ra-
tio by the supplier General Electric, The Netherlands). This
ratio corresponds to the stoichiometry of the reaction be-
tween the pre-polymer of vinyl-type and the cross-linker
of hydrosilane-type. However, when the pre-polymer/cross-
linker ratio varies, the PDM S swelling is expected to change
considerably [11-13]. This may increase the flux of the
PAN/PDMS composite membranes without compromise for
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Nomenclature

dpen penetrant activity

cpBf  concentration in the feed side (% (w/w))

cpgp  concentration in the permeate side (% (w/w))

D;; diffusion coefficient

Em elastic modulus (MPa)

J flux through membrane

K partition coefficient

l membrane thickness (.m)

M¢ average molecular weight between cross-links
(gmol 1)

Msp  membrane swelling degree (%)

MW  molecular weight (gmol—1)

MWCO molecular weight cut-off (Da)

Ap transmembrane pressure (bar)

P permeability of hexane through the membrane

R membrane retention

t time (h)

T temperature (K)

wppms Weight fraction of PDMS at swelling equilib-
rium

Greek letters
aco,/N, gasselectivity of membrane for CO; over Np

X interaction parameter

®pen penetrant volume fraction
n viscosity (cSt)

Am osmoatic pressure (bar)

0 density (gcm=3)

v molar volume (cm® mol —1)

the membrane retention, an aspect very important for prac-
tical (industrial) applications. Therefore, in this work, we
systematically study the influence of cross-linker amount
(6.5 9.1, and 16.7% (w/w), corresponding to the pre-
polymer/cross-linker ratios of 10/0.7, 10/1, and 10/2, re-
spectively) on the membrane swelling and permeation
properties. For the PAN/PDMS prepared at pre-polymer/
cross-linker ratio of 10/1, we reported earlier [1] that the
“apparent viscosity” inside the membrane and the membrane
swelling (due to the interaction of PDM S/hexane/solute) are
the most critical factors affecting the hexane permeability.
It would be interesting to see whether similar conclusion
can be drawn for the hexane transport through the com-
posite membranes prepared at other pre-polymer/cross-linker
ratios.

2. Theoretical background

The hydrosilylation reaction relies on the ability of the
hydrosilane bond of the cross-linker (SiH) to add across

a carbon—carbon double bond that belongs to the pre-
polymer in the presence of Pt catalyst [14,15] (Fig. 1).
In the ideal case, the SiH reacts only with the —CH=CH>
groups aong the pre-polymer chains, alowing a good con-
trol over the cross-links distribution. The stoichiometricratio
of the PDMS system is defined as the ratio of hydrosilane
to vinyl groups, being /1. For the ideal case, the molec-
ular weight and molecular weight distribution of chains in
the network are those of the pre-polymer chains prior to
their linking into the network structure [14,15]. In prac-
tice, the formed network may deviate from ideality due to
the steric hindrance or the unbalanced stoichiometry of the
curing reaction. Few experimental studies on the effect of
the pre-polymer/cross-linker ratio upon physical properties
of the PDMS as well as the gas/vapour transport are avail-
ablein literature [9,10,16-19]. Simpson et al. [16] reported
that an excess (from the stoichiometrical amount) of the
cross-linker slows down the curing rate for the PDMS films
of various thicknesses. The excess of tetrafunctional cross-
linker was, however, reported to improve the adhesion of
the silicone to the substrate [17]. Venkataraman et al. [18]
studied the dynamic storage modulus as a function of the
pre-polymer/cross-linker ratio. In the absence of any sidere-
action, balanced stoichiometry leads to the PDMS network
with a high elasticity. Shefer [19] studied the changesin the
PDMS glass transition temperature (7g) as a result of var-
ious cross-linking degree, indicating that the highest 7 is
a the stoichiometrical ratio of the silicone network. Hagg
[9] measured the permeability of Cly, Oz, and N2 through
the “standard”, stoichiometrically cross-linked PDMS and
the y-radiated PDM S composite membranes (with a higher
degree of cross-linking than the “standard” PDMYS), at pres-
sure range of 1-3bar. The membranes showed a decrease
in gas permeability and a dlight increase in gas selectivity
with the increase of cross-linking degree. Nguyen et al. [10]
performed pervaporation of water—ethyl acetate mixtures
through PDMS cross-linked membranes at different con-
ditions (pre-polymer/cross-linker ratios and temperatures).
They observed adecrease of both water and ester permeation
fluxes, attributed to the decrease of sorption of the compo-
nents in the membrane.

Sometimes, the non-porous, gel membranes are described
as swollen polymeric networks with “pores’ of molecu-
lar size, usualy between 20 and 100A [20,21]. In our
view, the term “pore” might be miseading and as de
Gennes pointed out [22], a more appropriate term could
be “macromolecular mesh”. Non-porous, gel membranesin-
clude most types of hydrogels such as water-swollen net-
works of poly(vinylalcohol) and related polymers, aswell as
other hydrophobic polymers swollen in the appropriate or-
ganic solvents (asPDMSin hexane) [1]. Theinvestigation of
swelling equilibrium could help to elucidate the structure of
the PDM Snetwork. Accordingtothe Flory—Hugginssolution
theory (applicablefor the good solventsin PDM S[9,23]), the
equilibrium volume fraction of the penetrant, ¢pen, can bere-
lated to the activity of the penetrant, apen, by the following
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Fig. 1. Scheme of the cross-linking reaction for the silicone network formation.

expression:

Y
INapen = 1N ¢pen + (1 — dpen) (1_ = )
UPDMS

+x(1— ¢pen)2 @)

where y isthe PDM S—penetrant interaction parameter. The
ratio of penetrant to PDMS molar volumes (vpen/vppms) is
assumed negligible. For the pure liquid, the x parameter is
calculated by setting Inapen =0. In order to gain further in-
sight into the swelling process in relation to the morphol ogi-
cal characteristics of the network, the PDM S volumefraction
in the swollen state, ¢pppms, IS estimated using the equation
[12]:

WPDMS/ PPDMS @
(1 — wppmS)/ Phexane + WPDMS/ PPDMS

PPDMS =

where wppys is the weight fraction of the polymer at the
swelling equilibrium and pppms and phexane 1S the density
of the PDM S and hexane, respectively. The polymer volume
fraction is calculated assuming the polymer—solvent volume
additivity.

The Flory—Rehner equation [23], however, takes into ac-
count the effect of cross-linking degree on the elastic forces
contribution and may be used for systemsinvolving the same
polymer at various cross-linking degrees [12]:

Upen 2
> +xPrDMS
UPDMS

UpenOPDMS M 1/2 1
+ M. (1 - 2]VI*> <¢PDMS - 2¢PDMS)

INapen = IN(1 — ¢poMmS) + PPOMS (1 -

where M. is the molecular weight between cross-links and
M* istheaverage molecul ar weight of theinitia pre-polymer,
before cross-linking.

The solution—diffusion model [24,25] has aready been
used to describe the mass transport through the swollen
PDM S membrane [1]. We will briefly remind the main equa-
tions. The flux of the pure solvent i can be calculated by:

Ji = Pi(Ap — An) (4)

DiK;c

where P is constant equal to =z and is called the solvent

permeability. D; is the diffusion coefficient of i through the

membrane, K; is the partition coefficient, [ is the membrane
thickness, ¢, isthe feed concentration of species i, v; isthe
partial molar volume of species i, Ap and Ax is the differ-
ence in applied and osmotic pressure across the membrane,
respectively, Ry isthe gas constant and T is the temperature.
Similarly, the flux of the solutej is:

=DjK'

o= e () ®

Jj

Eq. (4) indicates alinear increase in solvent flux with in-
creasing transmembrane pressure difference, whereas Eq. (5)
indicates that the solute flux is less affected by the pressure
difference. Thisleads, in general, to an increasing solute re-
tention with increasing solvent flux. The primary assumption
of this model is that the flux of the solute and solvent are
independent.

3. Experimental
3.1. Materials

The PAN support membranes with molecular weight cut-
off (MWCO) of 30kDa were provided by GKSS, Germany.
Theselectivetoplayer of thecompositewasPDMS (RTV 615
type, kindly supplied by General Electric, The Netherlands).
The silicone kit was a two-component system, consisting of
avinyl-terminated pre-polymer (RTV A) and a cross-linker
containing severa hydrosilanegroups(RTV B). Thecuring of
the PDM S-membrane occured via Pt-catalysed hydrosilyla-
tion reactiontoformadensely cross-linked polymer network.
The poly(isobutylenes) (PIB), Glissopal® of MW 550, 1000,
1300, and 2300 were kindly provided by BASF, Germany
and of MW 350, by Janex S.A., Switzerland (see Table 1).
The n-hexane (Merck, The Netherlands) and the PIB were
used as supplied, without further purification.

4. Membrane preparation and characterization

The free-standing, thick PDM S films were prepared from
75% (w/w) PDM S/hexane solution, at room temperature, by
mixing the pre-polymer and cross-linker at 10/0.7, 10/1 or
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Tablel
Specifications of the PIB used in this work

MWpig2 (gmol 1) Producer Polydispersity®
350 Janex 18
550 BASF 21

1000 BASF 2.9

1300 BASF 3.6

2300 BASF 18

@ Given by the producer.
b Defined as the ratio of My, to My, determined by GPC.

10/2 (w/w) ratios. The PAN/PDMS tailor-made composite
membranes were prepared following a two-step coating pro-
cedure described in detail elsawhere [1].

Thedensity of the dense PDM Sfilmswas measured with a
pycnometer (Micrometrics Accupyc 1330). The elastic mod-
ulus of the dense PDM S filmswas determined by performing
tensiletesting on aZwiek Z020 (Germany) machine. In order
to obtain the stress—strain diagrams, the uniaxial deformation
of the sample (dumb-bell test piece, according to |SO37, type
2) was measured under 10N loading. The molecular weight
between cross-links (M) was calculated [26,27] by:

_ 3ppomsRgT
En

where E, is the elastic modulus.

Pure gas permeation measurementswith N and CO, were
performed, using the set-up and procedure described in [1].
No significant differences in gas permeability through the
composites asafunction of cross-linking degree were found.
For the PAN/PDM S composite membranes, the gas selectiv-
ity, aco,/N,Was 9.8 + 1.4, independent on the cross-linking
degree. Thesevaluesare closeto the PDM Sintrinsic selectiv-
ity (=11.6), indicating good quality of the PDMS top-layer.

For the swelling measurements, pre-weighed dry dense
PDMS membranes (Mgry) Were immersed in pure hexane or
PIB/hexane solutions until equilibrium swelling was reached
(Mwet)- The swelling degree (Msp) of the dense membrane
was calculated by:

Myet — M
Msp (%) = <We‘Mddfy> x 100 @
ry

M (6)

For PIB/hexane sol utions, at the end of the swelling exper-
iments, the samples were removed from the liquid solutions
and dried. From the difference between the initial and final
dry weight, the concentration of the PIB in the membrane
(cPiB, membrane, % (W/w)) was measured and the PIB partition
coefficient Kpg was calculated by:

CPIB, membrane (8)
CPIB,f

Kpp =

where Cpig s isthe PIB concentration in the immersed solu-
tion.

Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) was used for the characterization
of PDMS at various cross-linking degrees. The penetration

depth of theinfrared beam ranged from 0.5 pm at 3000 cm 1
to 2um at 700cm? for the ZnSe crystal with a 90° angle
of incidence for PDMS network analysis. Gel permeation
chromatography (GPC, Waters 515 GPC instrument, using
tetrahydrofuran as solvent) was used to determine the molec-
ular weight of the pre-polymer and cross-linker. H NMR
spectroscopy (Bruker AC 250 spectrometer, 400 MHz, using
deuterated chloroform) was used to determine the structure
of the pre-polymer and cross-linker. The morphology of the
composite membranes was visualized by scanning electron
microscopy (SEM, Microscope Jeol JISM-5600LV, at 15kV).

All the liquid permeation experiments through the com-
posite membranes were performed at room temperature
(24 £ 3°C), with the set-up and experimental protocol de-
scribed in [1]. Helium gas was used to apply pressures in
the range of 1-7bar. The flux through the membrane was
calculated by dividing the amount of the collected permeate
over the membrane area and permeation time. The permeate
volume was calculated by dividing the collected weight to
the permeate density (measured by a digital density meter,
model DMA 50). The PIB concentration in the feed (cpig f,
% (w/w)) and the permeate (cpig,p, % (W/w)) solutions was
analyzed by refractive index measurements, at 25°C, using
aAbbe-3 refractometer, from Carl Zeiss, Germany. The PIB
retention was calculated using the equation:

R=<1—CPIB’p>x100 )
CPIB,f

Valuesand error barsreported in the tablesand figures are
based on at least three different membranes samples.

5. Results and discussion
5.1. Pre-polymer and cross-linker characterization

Fig. 2 presents atypical result of the GPC analysis of the
pre-polymer and cross-linker, as received from the supplier.
The dataindicate that both have mainly abimodal character
of molecular weight (pre-polymer: 4000 and 67,000 g mol 1,
cross-linker: 1500 and 60,000 g mol ~1). The molar masses of
the pre-polymer and cross-linker obtained by 1H NMR analy-
sis(datanot shown here) arein good agreement with the GPC
results. Theoretically, thehydrosilylation reactionisvery spe-
cific since the hydrosilane groups should react only with the
vinyl groups at the end of the chains, the stoichiometric ra-
tio being 1/1. Generally, an excess of the hydrosilane part is
used in order to compensate for the steric hindrance: the re-
action between vinyl and hydrosilane groups becomes more
and more difficult since reactive speci es become scarcer, and
the network becomes tighter as the reaction progresses [14].
In the absence of any significant side-reaction, balanced sto-
ichiometry should lead to a network with average molecular
weight between cross-links, M¢, that equals the molecular
weight of the pre-polymer chains prior to their end linking
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Fig. 2. The molecular weight of the PDMS pre-polymer and cross-linker
determined by GPC.

and few, if any, dangling-chains (those chains attached to the
network at one end only) [14,15].

5.2. ATR-FTIR and mechanical analysis of the dense
PDMS membrane

ATR-FTIR was used for the spectroscopic characteriza-
tion of the dense, free-standing PDM S membranes prepared
at various pre-polymer/cross-linker ratios. Fig. 3 presents a
typical result for the membrane prepared at ratio, 10/1. The
typical peaks of the C—H methyl stretch at 2965cm~1, the
silicon—methyl bond at 1260cm~1, and the broad polymer
backbone absorption band between 1130 and 1000cm~1 are
found [28]. The amount of the unreacted vinyl and hydrosi-
lane (SiH) groups (after cross-linking at 65°C for 4hin N2
oven) can be determined by following the change in inten-
sity of the absorption band at 1410cm~—1 (for vinyl) and
2140cm~1 (for SiH). If no side reaction occurs, the changes
in the intensity of these bands could be attributed to the con-

100— : : . . : .
sol Si-CH=CH, i
g 1\ '
8 60 -CHS .
c
[}
]
E 40| H
g sioH
[ 3
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/
Si-O-Si
Si-CH
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Wave number (cm-1)

Fig. 3. ATR-FTIR spectraof the PDM S membrane prepared &t ratio of 10/1.
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Fig. 4. ATR-FTIR spectraof thedense PDM S membrane prepared at various
pre-polymer/cross-linker ratios: (a) vinyl group; (b) SiH group.

sumption of these groups upon cross-linking reaction. Fig. 4
presentstypical ATR-FTIR spectraof the dense PDM Sfilms
of various pre-polymer/cross-linker ratios at these specific
wavelengths. For the PDM S prepared at pre-polymer/cross-
linker ratio of 10/2, the intensity of the absorption band at
1410cm~1! is high (see Fig. 4a), indicating the excess of
vinyl groups. In Fig. 4b, the SiH absorption band cannot
be clearly detected for the PDMS membranes prepared at
pre-polymer/cross-linker ratios of 10/0.7 and 10/1, indicat-
ing ailmost total SIH consumption upon the cross-linking re-
action. In contrary, for PDMS of 10/2 ratio, the SiH peak
is high, suggesting that not all the hydrosilane groups have
reacted. Nguyen et a. [10] reported similar results for an
excess of cross-linker in the pre-polymer/cross-linker mix-
ture. They suggested that the silicone network is a blend of
unreacted silicone (still containing vinyl and SiH groups)
and fully-cured silicone (without unreacted groups) [10].
These experimental findings seem to support the hypothesis
of heterogeneous cross-linker “agglomeration” or “branch-
ing” [29] that decreases the cross-linking reaction extend
due to steric hindrance. This leads to the formation of an
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Table 2
Density, Young's modulus and average molecular weight of chains between
cross-links for PDMS prepared at various pre-polymer/cross-linker ratios

Table3
Equilibrium results of the swelling experiments for the dense free-standing
PDMS membranes prepared at various pre-polymer/cross-linker ratios

Pre-polymer/ p(9 Cmis) Em (MPe) M (103 gmol 71) Pre-polymer/ WPDMS dPDMS XFlory—Huggins ~ XFlory—Rehner
cross-linker ratio cross-linker ratio

10/0.7 1.052 4+ 0.009 0.35+0.08 22.3+45 10/0.7 0.284+0.02 0.19+0.02 057+0.02 0.58+40.02
10/1 1.055+ 0.006 0.5040.02 15.6+0.8 10/1 0.334+0.03 0.244+0.02 059+0.02 0.594+0.02
10/2 1.064 £ 0.007 0.77+£0.06 10.3+0.7 10/2 0504+0.03 0.38+0.03 0.68+0.02 0.66+0.02

“imperfect” PDM S network at pre-polymer/cross-linker ratio
of 10/2. Such network isexpected to havealower swelling de-
greecompared to the homogeneous network. Table 2 presents
the density (o), the Young's modulus (Er), and the calcu-
|ated average molecular weight of chain between the cross-
links (M., see EQ. (6)) of the PDMS prepared at various
pre-polymer/cross-linker ratios. The elastic modulus of the
dense, free-standing PDMS membrane increases with the
amount of cross-linker, as expected, since an increase in
cross-linker content forms a tighter network. Similar trend
was reported by Nguyen et a. [10]. Thus, the average molec-
ular weight between cross-links decreases from 22,300 to
10,300gmol 1.

5.3. Swelling experiments of dense PDMS membrane in
hexane

Fig. 5 presents the effect of the cross-linker content upon
the swelling of free-standing, dense PDM S membranes pre-
pared at pre-polymer/cross-linker ratios of 10/0.7, 10/1, and
10/2, corresponding to 6.5, 9.1, and 16.7% (w/w) cross-linker
content, respectively. The lower the amount of cross-linker,
the higher the swelling degree of the membrane. Such be-
haviour can be explained by the decrease in chain length
between cross-links with increase of the cross-linker amount
(see Table 2). The shorter the chains between cross-links, the
stronger the elastic resistance to the swelling stress (higher

300~ T T T T T T T

10/0.7
250 4

o00L c 10/1

My, (%)

10/2
100} 5 10/

50 -

0 \ 1 . L . 1 . 1 \
0 5 10 15 20 25

Cross-linker content (% w/w)

Fig. 5. Theeffect of the cross-linker content upon the swelling degree (Msp)
of PDMS dense membranes in hexane.

elastic modulus) and the lower the swelling degree of the
membrane [14]. Table 3 summarizes the results of swelling
experiments of the dense PDM S membranes in hexane: the
weight fraction of PDMS (wppums), the volume fraction of
PDMS (¢ppms), and the interaction parameter (x) calcu-
lated using the Flory—Huggins and the Flory—Rehner equa-
tions. For the Flory—Rehner equation (Eg. (3)), the M. ob-
tained from the mechanical analysis (Table 2) and the M*
of 35,000gmol ! taken from the GPC analysis, Fig. 2) are
used. The data show that the volume fraction of PDMSinthe
swollen network increases with the amount of cross-linker.
This increase, however, does not affect much the interac-
tion parameters of the hexane-PDM S membranes prepared
at pre-polymer/cross-linker ratios of 10/0.7 and 10/1. Nev-
ertheless, for PDMS prepared at pre-polymer/cross-linker
ratio of 10/2, the x parameter is higher. Such finding has
already been reported in literature [10,30-32]. The origin
of this behaviour could be attributed to the fact that the
mixing and the elastic free energies are not strictly sep-
arable in the description of swelling equilibrium [10,32].
The increase of cross-linking degree causes an increase in
the elastic energy for polymer network deformation, re-
ducing the free energy of mixing [10]. Besides, this be-
haviour may be due to the difference in the quality of the
PDMS network prepared at pre-polymer/cross-linker of 10/2
ratio. The ATR-FTIR spectra of PDMS prepared at pre-
polymer/cross-linker ratio of 10/2 indicates that the silicone
network contains unreacted hydrosilane and vinyl groups.
The response of such “imperfect” network to the swelling
stresswould not beasideal assupposed inthe Flory—Huggins
and Flory—Rehner models. Two main simplifications em-
ployed, namely the Gaussian distribution of the polymer
chains (which was found to not be always valid for the bi-
modal PDMS elastomers [33]) and the phantom network
(whichignorestheintermolecular effects, therefore the topo-
logical constraints), may not bevalid for thissilicone network
[34]. Interestingly, the values of x parameter calculated us-
ing Flory—Huggins and Flory—Rehner equations are similar,
indicating that the elastic contribution of the PDM S network
towards the swelling in hexane is negligible. We attribute
this to the relative high M. (see Table 2). In fact, the elastic
part of the Flory—Rehner equation induces very little mod-
ification to the Flory—Huggins equation, unless the PDMS
network has avery small M. [9]. Similar findings were also
reported [9,10] for the PDMS network with the M. in the
range of 640-12,700gmol —1.
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5.4. Swelling of dense PDMS membranes in PIB/hexane
solutions

The equilibrium swelling degree of the dense, free-
standing PDM S membrane in PIB/hexane solutions was in-
vestigated as well. For this study, PIB of various MW have
been used. Fig. 6 presentsatypical result concerning the PIB
of MW 550 gmol —. Similar resultswere obtained for PIB of
other MW, too. In this concentration range, the swelling de-
gree of the PDM S does not change significantly with molec-
ular weight of the solute [1]. In this range, the solute size
might be smaller than the mesh size of the silicone gel
formed by the highly swollen network in hexane. The ef-
fect of pre-polymer/cross-linker ratio on the swelling degree
of the PDMS membrane in PIB/hexane solutions is similar
to the pure hexane, i.e. the lower the amount of cross-linker,
the higher the membrane swelling. In addition for al mem-
branes, the PDM S swelling degree decreases when the PIB
concentration of the PIB/hexane mixture increases. From the
resultsof purePIB (apen = 1) and by using Eq. (1), theinterac-
tion parameter between PDM S/PIB isfoundtobe2.11 + 0.02
[1]. Thisvalueis much higher than the x value of 0.58 corre-
sponding to PDM S/hexane system, indicating that the sorp-
tion of hexane to PDMS is thermodynamically much more
favourablethan PIB. Besides, swelling experimentsof PDM S
membranes in PIB/hexane solutions of 8% (w/w) were per-
formed (at 22 4 1 °C). Fromthedifference betweentheinitial
and final dry weight, the concentration of the PIB (cpig, %
(w/w)) within the membrane was determined (see Fig. 7).
Generally, the concentration of PIB decreases when the MW
of PIB increases, indicating adecreasein PDM S-PIB/hexane
solution interaction with increasing PIB MW. Thisfinding is
consisted with the dependence of the interaction parameter
on the molar volume of the penetrant [1,35]. In addition, the
concentration of PIB inside PDM S seemsto decrease dlightly
with increasing the cross-linker amount. Such behaviour

300 T T T T T T T T T J}l’ T T
3 o 10/0.7
250 = o 101 |
A 10/2
2000 % -
S 0 —
T 150k g -
[
iy :
100 é A -
1
& A
4
50 -
O 1 1 1 1 1 " 1 L 1 ya %
0 10 20 30 40 ‘90 100

PIB 550 (% wiw)

Fig. 6. The effect of the PIB/hexane solution concentration upon
swelling degree of the PDMS dense membranes prepared at various pre-
polymer/cross-linker ratios.
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Fig. 7. The effect of MW of PIB on the concentration of PIB inside PDMS
dense membrane prepared at various pre-polymer/cross-linker ratios.

could be due to the decrease of the chain length between
cross-links with the increase of the cross-linker amount: the
shorter the chainsbetween cross-links, the stronger the el astic
resistanceto theswelling stress, thusthelower the swelling of
themembrane, and therefore, thelower the PIB amount inside
the PDMS network. Fig. 8 presents the PIB partition coeffi-
cient, Kpis membrane Cal culated from theresultsof Fig. 7 using
Eq. (8). The Kpig membrane iN highly swollen, free-standing
silicone membranes (PDMS gel) is affected by the cross-
linked density, as well as, by the penetrant size similarly as
the concentration inside the membrane of Fig. 7. Similar ef-
fects of the cross-linking degree on the partition coefficient
of myoglobin in block copolymer membrane of PEO-PDMS
membrane was reported by Harland and Peppas [36].

5.5. Permeation experiments

Fig. 9 presents the hexane flux through the PAN/PDMS
composites of various cross-linking degrees as a function
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Fig. 8. The PIB partition coefficient for the PDM S dense membranes pre-
pared at various pre-polymer/cross-linker ratios.
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Fig. 9. Hexane flux as a function of the transmembrane pressure for the
PAN/PDM Smembranesprepared at various pre-polymer/cross-linker ratios.

of transmembrane pressure. The hexane flux increases lin-
early with the applied pressure in al cases, indicating that
no compaction of the membrane occurs over the applied
pressure range. From the slopes of the plots of Fig. 9, the
hexane permeability coefficient, Ppexane, Can be calculated
(see Table 4). For the PAN/PDMS composite prepared at
pre-polymer/cross-linker ratio of 10/0.7, the hexane perme-
ability is higher in comparison to that through the com-
posite prepared at 10/1. This finding is consistent with the
swelling results of the corresponding dense, free-standing
PDMS membranes: the PDMS membrane prepared at pre-
polymer/cross-linker ratio of 10/0.7 swellsmuch more (260%
(w/w)) than that at 10/1 (200% (w/w)). However, the hex-
ane permeability through the PAN/PDMS membrane pre-
pared at pre-polymer/cross-linker ratio of 10/2 ratio is not
consistent with the swelling results of the corresponding
dense membranes. The Phexane through the PAN/PDMSS pre-
pared at ratio of 10/2 is higher (4.1Im~2h~1bar~?1) than of
10/1 (3.1Im~2h~1bar~1) athough the swelling degree of
the corresponding dense PDMS membrane is lower. This
indicates that another parameter, besides swelling of the
cross-linked network, might be important, in this case. Prob-
ably, the pore intrusion is different for the PAN/PDMS pre-
pared at pre-polymer/cross-linker ratios of 10/1 and 10/2.
Table 4 compares the PDMS thickness visualized by SEM
and the effective thickness of the PDMS calculated from
CO, permesbility measurements, assuming that the gastrans-
port is completely determined by PDMS. Typical SEM pic-

Table 4

Effective and visualized PDMS top layer thickness, and hexane perme-
ability of the PAN/PDMS composite membranes prepared at various pre-
polymer/cross-linker ratios

Pre-polymer/ Lef(COy) Isem (WM)  Phexane (IM2h~1bar~1)
cross-linker ratio (em)

10/0.7 1.9+0.2 09+0.2 45+05

10/1 20+0.2 1.0+0.2 3.1+04

10/2 22+03 1.8+0.3 41+05

tures of the cross-section of the PAN/PDM S prepared at pre-
polymer/cross-linker of various ratios are shown in Fig. 10.
For the PAN/PDM S composite membranes prepared at pre-
polymer/cross-linker ratios of 10/0.7 and 10/1, the differ-
ence between the effective and visualized thickness is about
1 um. Thisindicates that probably an intermediate layer ex-
istswherethe PDM S penetratesinto the pores of the support.
For the composite membrane prepared at pre-polymer/cross-
linker ratio of 10/2, however, the difference between the ef-
fective and visualized thickness is small, indicating that the

Ipm

" : " n".

fjeoseva

Fig. 10. SEM pictures of the cross-section of PAN/PDM S composite mem-
branes prepared at pre-polymer/cross-linker ratio of: (a) 10/0.7 (magnifica-
tion 10000x); (b) 10/1 (magnification 10000x ); and (c) 10/2 (magnification
5000x).
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pore intrusion in this membrane might be less than for the
other two composites. This might be the reason for the rela-
tively high hexane permeability observed for this membrane,
even though the membrane swelling is expected to be less
than for the other two membranes. A pore confinement gener-
ally restrictsthe swelling of the PDM S network immobilized
insides the pores due to the rigidity of the support matrix.
Similar results were reported by Vankelecom et a. [37] for
the pervaporation of water/ethanol with PDM S/Zirfon com-
posite membrane that had various degrees of pore intrusion.
Apparently, the cross-linking degree in combination with the
pore intrusion of the silicone network, determine the hexane
flux through the composite membranes.

Fig. 11 presents the effect of the feed pressure on the
hexane flux through the composite membranes for various
PIB1300/hexane concentrations. The hexane permeability
coefficient (calculated from the slopes of the graphs) de-
creaseswith theincrease of PIB1300 concentration dueto the
increase in feed viscosity. Similar trend has been reported in
literature [1,38-41] for various organic systems. In all cases,
the linearity of the Jhexane With the applied pressure indi-
cates that no compaction of the membrane occurs over the
applied pressure range. Hence, the hexane transport through
the membrane can be reasonably described by Eq. (4). For
all composites, osmatic phenomena are observed and can be
interpreted using the van't Hoff equation:

RyT Ac
T =
MW

A is the osmotic pressure (in bar), Ac is the solute con-
centration difference across the membrane (in gl—1) and
MW is the solute molecular weight (in gmol—1). The x-
intercepts (at Jnhexane = 0) for each PIB1300/hexane concen-
tration areinvery good agreement, within experimental error,
with those of A calculated using Eq. (10). For example, for
the PAN/PDMS composite prepared at pre-polymer/cross-
linker ratio of 10/0.7, x-intercept/calculated Anm value is
1.0 bar/0.8 bar for 8% (w/w) feed and 2.3 bar/2.1 bar for 19%
(w/w) feed solutions. For the PAN/PDMS prepared at pre-
polymer/cross-linker ratio of 10/1, we reported earlier [1]
that the “ apparent viscosity”, i, inside the membrane and the
membrane swelling degree (Msp) (due to the interaction of
PDM S/hexane/solute) werethe most critical factorsaffecting
the hexane permeability. It would be interesting to seeif sim-
ilar conclusion can be drawn for the hexane transport through
the other composites. Table 5 presents this normalization
PniMsp for the PAN/PDMS membranes prepared at vari-
ous pre-polymer/cross-linker ratiosand at same experimental
conditions (feed of 8% (w/w) PIB/hexane, at 24+ 3°C). For
the normalization, the value of the “apparent viscosity” in-
sidethemembraneisestimated from the concentration of PIB
in a hypothetical hexane/PIB phase inside the membranes
(Fig. 7) and the plots of viscosity versus PIB/hexane con-
centration, presented elsewhere [1]. For the swelling degree,
the results of the dense PDMS membranes are used. For all
membranes, a constant normalized value Pn/Msp is found,
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Fig. 11. Hexaneflux through PAN/PDM S membrane as afunction of trans-
membrane pressure for various PIB 1300/hexane feed concentrations. Pre-
polymer/cross-linker ratios: (a) 10/0.7; (b) 10/1; and (c) 10/2.

the magnitude of which depends on the cross-linking degree
of the PDMS. For the PAN/PDMS membranes prepared at
pre-polymer/cross-linker ratios of 10/0.7 and 10/1, the nor-
malized hexane permesbility, Pn/Msp, is similar (about 1).
However, for the composites prepared at ratio 10/2, the nor-
malized value is higher (range of 2.1-2.4) due to the lower
Msp of the dense PDM S membrane compared to 10/0.7 and
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Table 5

Parameters concerning the transport of PIB/hexane solutions through the PAN/PDM S composite membranes

MW of PIB (gmol 1) Nepparent (CS) Phexane (IMm2h~1bar~1) Msp/100 Pnl100/Msp (IcStm=—2h~1bar—1)
€)

350 0.56 4+ 0.06 41405 21+01 1.0+0.2

550 0.57+0.06 3.7+0.6 21+0.1 1.0+0.2
1000 0.60+0.06 3.3+06 21+01 09+0.2
1300 0.62+0.07 3.2+05 21+0.1 09+0.2
2300 0.63+0.08 3.0+04 21+01 09+0.2
(b)

350 0.55+0.06 28+03 1.8+0.1 09+0.2

550 0.56 4+ 0.06 27+03 1.7+0.1 0.9+0.2
1000 0.57+0.06 26+02 16+0.1 09+0.2
1300 0.59+0.07 27+0.2 1.6+0.1 1.0+0.2
2300 0.61+0.08 27+02 1.7+0.1 1.0+0.2
(©

350 0.54+0.07 3.9+0.6 09+0.1 24+04

550 0.55+4+0.06 35+05 0.8+0.1 24+04
1000 0.56+ 0.07 3.1+06 0.8+0.1 22+04
1300 0.574+0.08 29+04 0.8+0.1 21+03
2300 0.58+0.08 28+04 0.8+0.1 21+03

Experimental conditions: feed of 8% (w/w), at 24 &+ 3°C. Pre-polymer/cross-linker ratio: (a) 10/0.7; (b) 10/1; (c) 10/2.

10/1. If we assumethat the sol ution—diffusion model could be
applied for this system, then we could interpret the apparent
viscosity as ameasure for the diffusion coefficient of hexane
inside the membrane and the swelling as a measure for the
solubility.

The solution—diffusion, however, does not consider the
solute-solvent coupling (solvent-induced solute dragging).
For the PAN/PDMS composite membrane prepared at pre-
polymer/cross-linker ratio of 10/1, we have aready found
[1] that the flux of the solute increases linearly with the sol-
vent flux, showing the existence of flux coupling or solvent-
induced solute dragging. Fig. 12 shows that the dragging
of hexane to the solute occurs for the PAN/PDMS com-
posites at various cross-linking degrees, too. At the same
PIB1300/hexane feed concentration (8% (w/w)), the PIB
flux increases linearly with the hexane flux. The flux of PIB
1300 through the PAN/PDMS composite prepared at pre-
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Fig. 12. Theflux of PIB 1300 asafunction of hexaneflux for the composites
prepared at various cross-linking degrees. Feed concentration: 8% (w/w).

polymer/cross-linker ratio of 10/0.7 isthe highest and for the
composite prepared at ratio 10/1 isthelowest, consistent with
theresults of Fig. 9.

5.6. Retention performance

Fig. 13 presents the results of the membrane retention for
8% (w/w) PIB/hexane solutions at transmembrane pressure
of 7 bar, for all PAN/PDMS composites. The indicated MW
of PIB is provided by the manufacturers (the polydispersity
of PIB of variousMW ispresented in Table 1). Therelatively
high membrane retention is probably due to the differences
in solubility/diffusivity of hexane compared to PIB. Having
in mind the poly-dispersity of the PIB, we can conclude that
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Fig. 13. PIB retention by the PAN/PDM S composite membranes prepared
at various pre-polymer/cross-linker ratios as a function of the PIB molec-
ular weight. Experimental conditions: feed concentration of 8% (w/w),
Ap=Tbar, a 24+ 3°C.
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the retention performance is almost the same for all compos-
ite membranes. Besides, the membrane retention increases
with the increase of the molecular weight of PIB. Although
hexane-induced dragging increases the PIB flux, the strong
effect of pressure on the chemical potential raises the hex-
ane flux stronger than the dragging raises the PIB flux. Paul
[42] stated recently that the consequence of the coupling ef-
fects in reverse osmosis might exist but they are too small
to be noticeable. The results of Fig. 13 allow us to estimate
a MWCO (defined as the MW of the solute that is rejected
for 90% by the membrane) of around 1200-1250 Da for all
composites. The fact that the cross-linking degree of PDMS
has little effect on the MWCO of the membrane might be
attributed to the highly swollen state of the silicone network
and the PDM S polydispersity.

6. Conclusions

In this work, dense free-standing PDMS films and
PAN/PDMS composite membranes of various cross-linking
degrees were prepared and characterized. The swelling of
the dense, free-standing PDM S membrane of various cross-
linking degrees in hexane and PIB/hexane solutions de-
creases when the pre-polymer/cross-linker ratio increases.
The partition coefficient of PIB decreases with the increase
of cross-linker content and with theincreasein PIB molecular
weight.

The transport properties of pure hexane and PIB/hexane
solutions through the composites were systematically inves-
tigated. For the PAN/PDM S composite membranes the main
findings were:

e Thehexanepermeability (Phexane) throughthe PAN/PDM S
prepared at pre-polymer/cross-linker ratio of 10/0.7 was
higher than at ratio of 10/1 (4.5and3.11m=2h~1bar—1, re-
spectively) probably dueto the higher membrane swelling.
The Phexane through the PAN/PDMS prepared at ratio of
10/2 was higher than through the composite prepared at
ratio of 10/1 (4.1 and 3.11m~2h~1bar~1). Thisbehaviour
was not consistent with the swelling findings of the cor-
responding free-standing PDM S membranes and could be
attributed to the lower pore intrusion of PDM S compared
to 10/1 and/or due to the heterogeneity of the silicone net-
work.

e Osmotic phenomena were observed for al composite
membranes and could be interpreted using the van't Hoff
equation.

e The cross-linking degree of PDMS seemed to have no
effect on the membrane retention, most probably due
to the highly swollen state of the silicone network.
Therefore, the PAN/PDMS membrane prepared at pre-
polymer/cross-linker ratios of 10/0.7 and 10/2 might be
attractivefor apractical application duetotheir higher hex-
ane permeability without compromise for the membrane
retention.
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