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1
Introduction

1.1. Structure of this thesis
Most of the published studies on the solvent resistant nanofiltration (SFNF)
membrane have been performed on the commercially available membranes and
their exact physico-chemical properties are not completely known. In this thesis,
we will prepare and thoroughly characterize a tailor-made composite membrane
and will correlate its transport characteristics with the properties of the selective
top-layer.
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Figure 1 shows the diagram of the investigation covered in this thesis.
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Figure 1: Diagram of the investigation covered in this thesis.
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Chapter 2 describes the preparation of the PAN/PDMS tailor-made composite
membrane. The gas and liquid permeation are performed to select the most
suitable coating parameters for the oil/hexane application. Furthermore, the
performance of PAN/PDMS membrane is compared with the other silicone type
nanofiltration membranes. Appendix I presents the effect of stirring rate on the
membrane performance. The influence of the PDMS thickness on the transport
properties of PAN/PDMS composite membrane is studied in Appendix II.
Chapter 3 gives an insight into the transport of hexane-solute systems through
the PAN/PDMS tailor-made composite membrane. The important parameters
which control the transport of hexane and oil/poly(isobutylene)PIB are identified
(y and z axis of Figure 1). The flux of hexane is found to be dependent on the
apparent viscosity and membrane swelling. For solute transport, a systematic
study on the flux coupling and solvent-induced dragging as a function of
molecular weight of the solute and feed concentration is given. Besides that,
osmotic phenomena similar to those reported in aqueous systems are reported.
Chapter 4 describes the effect of the cross-linking degree of PDMS on the mass
transport through the dense PDMS and the PAN/PDMS composite membranes
(x axis of Figure 1). Besides, the effect of PDMS cross-linking degree on the
membrane swelling and partition coefficient is investigated. This allows us to
obtain PAN/PDMS composite membrane with high permeation characteristics
(large fluxes and good retention) by further improving the balance between
cross-linking degree and pore-penetration.
Chapter 5 focuses on the performances of PAN/PDMS tailor-made membrane
at high pressure (up to 30 bar). No membrane compaction and no significant
difference between the membrane performance at high and low pressure are
depicted. The results of experiments performed in a cross-flow configuration set
up at various flow rates are similar to the data obtained with the dead-end set up,
indicating that no concentration polarization phenomenon occurs for the studied
systems.
Chapter 6 shows the influence of the solvent type (toluene and hexane) and
solute type (oil and tetraoctylammonium bromide, TOABr) on the performance
of the PAN/PDMS composite membrane (y and z axis of Figure 1). By
2

following the permeation behavior of these solutions through PAN/PDMS
composite membrane, we obtain valuable information concerning the osmotic
phenomena and the solvent-induced dragging effect. This effect is more
significant for toluene/oil than for hexane/oil system.
Chapter 7 describes the preparation of a hydrophilized PDMS-based composite
membrane using PEO-PDMS-PEO triblock copolymer as the selective top layer
(x axis of Figure 1). In fact, in this chapter we aim to investigate if the same
parameters concerning the mass transport described in the earlier chapters can
describe the fundamental aspects of transport phenomena in the hydrophilezed
PDMS-based membrane. For this investigation, the flux of various solvents
through the new membrane is studied.
Chapter 8 summarizes the main conclusions of the work described in this thesis
and gives an outlook and suggestions for future work.

1.2. Literature review of the transport models of organic systems
through SRNF membranes

Several transport models have been proposed in the solvent resistant
nanofiltration membrane literature, most of them being extension of the existing
models from aqueous to the non-aqueous NF systems. This extension, however,
is not always straightforward because the organic solvents have a wide range of
polarity, viscosity and surface tension [1]. The prediction of the separation
characteristics of organic systems is much more challenging since physicochemical properties of solute and its interactions with membrane and solvent
significantly affect the mass transport through the NF membrane. Generally,
three models have been used to describe mass transport through SRNF
membranes:

3

1. Solution-diffusion model
The basic premise of the solution-diffusion model is that the permeating species
dissolve in the membrane material and molecularly diffuse through it as a
consequence of a concentration gradient. In Chapter 2, the solution-diffusion
model will be discussed more. Nevertheless, we will give a brief discussion
below. The classic theory developed by Lonsdale et al. [2] considers the
transport of solute and solvent to be independent without any effect of one to the
other. The flux of a species i, Ji, through the membrane is given by:

Ji =

− υi ( p f − p p )
Di K i
[cif − cip exp(
)]
Rg T
l

Equation 1

where Di is the diffusion coefficient of i through the membrane, Ki is the
partition coefficient, l is the membrane thickness, cif, cip is the feed and permeate
concentrations of species i, respectively, υi is the partial molar volume of species
i, pf , pp is the feed and permeate sides pressures, respectively, Rg is the gas
constant and T is the temperature.
The prediction of the membrane performance (flux and retention) with this
model is limited to the organic systems where experimental data (diffusion
and/or sorption) are available. In addition, the model assumes that no solventsolute coupling exists. However, several experimental findings have reported the
coupling of the solvent-solute transport [3, 4]. The effect of solvent transport on
the solute transport is taken into consideration in a recent reformulation of the
solution-diffusion theory for reverse osmosis [5].
Solution-diffusion model was applied for the silicone and polyimide-based NF
[4, 6] and the combination of solution-diffusion model with concentration
polarization and thermodynamic activities was used by Peeva et al. [7] to predict
the fluxes. Paul et al. [8] developed a solution-diffusion model for the swollen
membranes by using polymer volume fractions as the driving force for the
solvent transport through lightly cross-linked natural rubber membranes.

4

Bhanushali et al. [9] used a solution-diffusion based approach to model the
permeation of organic solvents through various hydrophobic and hydrophilic
membranes. This approach uses physical properties of the solvent such as the
solvent viscosity and its molar volume for predicting the flux.
2. Spiegler-Kedem model.
Transport of a binary solution through a RO/NF membrane can be described by
phenomenological equations derived by Spiegler-Kedem [10]:
J i = P(∆p − σ∆π )

Equation 2

J j = B∆π + (1 − σ )J i ∆c

Equation 3

where Ji is the solvent flux, ∆π is the transmembrane osmotic pressure, and P is
the pure solvent permeability coefficient (a function of the solubility and the
diffusion coefficient of the solvent in the membrane material), ∆p is the
transmembrane pressure, σ the reflection coefficient, Jj is the solute flux, B is the
solute permeability coefficient, and ∆c is the average of solute concentrations
across the membrane. The flux of the solvent/solute depends on its solubility
and diffusivity and also on the convective flow. The denser the membrane, the
higher the contribution of the solution-diffusion mechanism [3]. The drawback
of this model is that the membrane is considered to be a “black box”. The
transport of solvent and solute through a membrane considers only the driving
forces and their resulting fluxes [11]. In addition, the various coefficients (i.e. P,
B and σ) are not easy to determine, especially in the transport of multicomponent systems through the membrane.
The Spiegler-Kedem model was used to model some of the experimental results
reported in literature [3, 12].
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3. Pore-flow model
The pore flow model assumes that the mass transport occurs by pressure driven
convective flow through the pores of the membranes. In contrast to the solutiondiffusion model, the membrane material is not an active participant at the
molecular level in the pore flow mechanism.
For liquids, the flux through a porous membrane can be described by the HagenPoiseuille equation for viscous flow:

J=

nπ rp4 ∆p

Equation 4

8ηAτ l

where J is the liquid flux, n the number of pores, rp the pore radius, ∆p the
pressure difference across the membrane, η is the liquid viscosity, A is the
membrane area, τ the membrane tortuosity, l the membrane thickness.
Gibbins et al. [13] and Robinson et al. [14] used the pore flow model to describe
the mass transport membrane through some polyimide and silicone-based NF.
Machado et al. [15] proposed a resistance-in-series model to describe the flux of
organic solvents through the silicone-based NF membranes. Three significant
resistances to mass transport were identified as viscous flow in the membrane
top layer, viscous flow in the porous support and hydrophilic/hydrophobic
resistances.
Our

experimental

results

using

the

poly

(acrylonitrile)

PAN

/poly

(dimethylsiloxane) (PDMS)-based tailor-made composite membranes showed
the importance of the membrane-solvent/solute interaction. The solutiondiffusion model was used to describe the aspects of the solvent transport. In
addition, the coupling between the solute and solvent fluxes was found to be
important (see Chapters 3, 5 and 6).
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1.3. Selected literature results for the transport of non-aqueous
systems through NF membranes

Traditionally, NF processes have been applied to aqueous systems primarily for
the purposes of water purification and other water-related applications. However,
for a non-aqueous system, membrane-solute, membrane-solvent and solutesolvent interactions can not be neglected. An additional complexity arises from
the stability of membrane material in the non-aqueous system combined with
good level of performance, i.e. high flux and retention, for a long time period.
Pure solvent transport
When extending the principles from water to organic solvents, affinity of the
solvent for the membrane material becomes very important. For a typical NF
membrane, the water permeability is in the order of 7.2 lm-2h-1bar-1 [16].
However, for the same membrane (assuming that it is solvent resistant), the
permeability to solvents such as hexane is reduced to 1/10 to 1/100 of the water
value [16]. Paul et al. [8] studied pure solvent permeation through lightly crosslinked natural rubber membranes, indicating the relation between the membrane
swelling and the flux. Machado et al. [15] studied the permeation of several
organic solvents (polar and non-polar) through the hydrophobic silicone-based
commercial membranes (MPF series, purchased from Koch). They reported
higher fluxes of non-polar solvents (pentane to octane) than of the polar solvents
(methanol and ethanol). Similar results were found by Robinson et al. [14] for a
developmental silicone-based membrane, indicating the importance of the
solvent-membrane interactions. Bhanushali et al. [9] studied the permeation of
organic solvent (polar and non polar) through various hydrophobic and
hydrophilic NF membranes. They reported that the surface energy of the
membrane and physical properties of the solvent (such as the solvent viscosity
and its molar volume) are important for predicting the solvent flux. For example,
for a silicone-based NF, at 23ºC, the hexane permeability was 1.62 lm-2h-1bar-1 as
7

opposed to ethanol permeability of 0.9 lm-2h-1bar-1. On the contrary, for a
hydrophilic-based membrane, the methanol flux at 13 bar was 18 lm-2h-1 as
opposed to the hexane flux through the same membrane being 2.5 lm-2h-1 at
similar pressure. Vankelecom et al. [1] reported low permeability of methanol
compared to that toluene (about 0.06 and 1.2 lm-2h-1bar-1, respectively) through a
laboratory-made PDMS NF membrane. They concluded that the affinity of the
various solvents used (polar and non-polar) for the membrane and their viscosity
determined the solvent flux.
Solvent-solute transport
For a binary solute/solvent system, experimental observations in non-aqueous
media have shown that the solute affinity towards the solvent as well as towards
the membrane material become important for the transport.
Paul et al. [17] studied the diffusion characteristics of Sudan IV (384 MW
organic dye) in various solvents through a lightly cross-linked natural rubber
membrane (no pressure was applied). The results revealed the importance of the
solvent for the solute transport. For example, the diffusivity of Sudan IV with
hexane as solvent was 200 times higher than that observed when ethanol was
used. Bhanushali et al. [3] studied the mass transport (under pressure) through
hydrophilic and hydrophobic NF membranes using Sudan IV and tryglicerides in
organic solvents (polar and non-polar). The observed rejection of Sudan IV was
about 25% in n-hexane and negligible in methanol (at about 15 bar) by a
silicone-based membrane. However, for a hydrophilic polyamide based
membrane, the rejection was 43% in n-hexane and 86% in methanol (at 15 bar).
The separation behavior of various dyes have been reported [18, 19] for various
hydrophilic (MPF 44 and Desal-5) and hydrophobic (MPF-50 and MPF-60)
commercial membranes. Several solutes were used, among which positively
charged safranine O (350 MW) and solvent blue 35 (350 MW, neutral solute).
Various solvents were studied including water, methanol, ethyl acetate, and
toluene. The separation behavior was found to be strongly dependent on the
membrane type and on the charge of the solute. For example, the rejection of
8

0.01% w/w safranine O in methanol was 68% and 6% for the MPF-44 and MPF50 membranes, respectively. The retention of MPF-60 membrane for solvent
blue was higher in methanol than in ethyl acetate (81% and 66%), indicating the
importance of the solute charge for the rejection mechanism.
Subramanian et al. [20] reviewed recently the permeation behavior of
nonporous, dense, silicone-based composite membranes (supplied by NittoDenko, Japan) for edible oil refining. They reported membrane retention of 60%
for lutein and only 18% for β-carotene due to the lower affinity of lutein for the
membrane. Koops et al. [12] performed permeation experiments of several
solutes in ethanol and n-hexane through a laboratory-made cellulose acetate
membrane. They concluded that the competition between solute-membranesolvent interactions is important for the mass transport. For example, the
rejection of docosanoic acid in hexane, was very low (-35%) while its rejection
in ethanol was 90%. White et al. [6] reported a strong preference to transport of
the aromatic solute dissolved in toluene through a polyimide- based NF
membrane.
Despite the above mentioned research studies attempting to relate membrane
performances to the transport mechanism through the SRNF membranes, a
systematic and comprehensive work is still needed in order to identify key
parameters that could affect the membrane transport characteristics, flux and
retention.

1.4. Applications of NF
Solvent resistant nanofiltration membranes have a strong potential for a variety
of applications ranging from pharmaceutical to chemical and food industries.
One of the applications is the separation and purification of edible oil. In recent
years, several papers have been published on the membrane applications in the
edible oil industry [20-22] for the solvent recovery (hexane, acetone,
isopropanol, and ethanol) and oil refining processes. The solvent recovery by
membrane processes is environmentally friendly and safer with respect to health
9

and explosion hazards compared to the evaporation. Subramanian et al. [20]
reported that nonporous membranes were effective in reducing the color of the
oil, while Zwijnenberg et al. [22] reported triglyceride retention of 80-95%,
depending on the type of the membrane used.
In the pharmaceutical industry, drugs with MW higher than 300 MW in solvents
such as ethanol, isopropanol, ethyl acetate etc could be recovered at room
temperature by NF-based processes. For example, Sheth et al. [23] reported for
MPF-60 membrane a rejection of around 96% erythromycin in ethyl acetate.
NF membranes can also be used in the recovery of homogeneous catalyst in
chemical/pharmaceutical industries [24-266], lowering the costs of catalyst and
enabling wide use of homogeneous catalysis to eliminate mass-transfer
limitations for the reaction rate. Nair et al. [25], for example, studied the reaction
of styrene and iodobenzene to form trans-stilbene with a palladium-based Heck
catalyst in three different organic solvents. They used the MPF-series (purchased
from Koch, USA) and polyimide membranes (purchased from Grace and Co.)
and reported better separation and permeation characteristics of the polyimidebased membrane compared to the MPF-membranes. Luthra et al [26] used a
similar approach but for a phase-transfer catalyst (PTC) system involving the
reaction of bromoheptane and potassium iodide to form iodoheptane. In this
reaction, tetraoctylammonium bromide was used as the PTC and toluene as the
organic solvent. Again a polyimide-based membrane was able to concentrate the
catalyst in the retentate. De Smet et al. [27] reported on a hybrid process that
combines NF with homogeneous and heterogeneous catalysis (transition metal
complexes).
Solvent lube oil dewaxing processes are commonly used in refinery operations.
Current recovery processes employ dissolution in solvent blends followed by
precipitation of the wax by cooling. Exxon Mobil in conjunction with W.R.
Grace Company have developed a membrane-based process that allows faster
processing of the solvent [6]. The membrane used in this process was a
developmental asymmetric polyimide-based membrane, with a reported rejection
for the lube oil higher than 95%.
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2
Preparation and characterization of composite membranes with
PDMS as the selective layer

Abstract

This chapter describes the preparation and characterization of the solvent resistant
nanofiltration (SRNF) composite membranes used for the oil/hexane separation. The tailormade composite membranes consist of poly(acrylonitrile) (PAN) ultrafiltration support
membrane and polydimethylsiloxane (PDMS) as the selective top layer. The influence of the
coating solution concentration upon the membrane performance is studied. A composite
membrane with good quality of the PDMS top layer is obtained when the 7 % (w/w)
PDMS/hexane coating solution is applied. The composite membrane is stable under the tested
conditions and no membrane compaction occurs in the feed pressure range of 1-7 bar. The
results show that the PAN/PDMS composite membrane presents good permeation
performance, high hexane permeability (around 3 lm-2h-1bar-1) and good oil retention (about
90%). Finally, its performance is compared with the commercially available silicone type
membrane, MPF–50, and a silicone membrane supplied by GKSS Forschungszentrum,
Germany.
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2.1. Introduction
Nanofiltration (NF) research has been mainly focused on aqueous systems; however, a
lot of pharmaceutical and fine chemical conversions as well as extraction applications
are carried out in organic, non-aqueous media. For example, in the vegetable oil
industry, the oil extraction from different seeds is mostly performed using n-hexane as
solvent. Hexane recovery by membrane processes is environmentally more friendly
and safer with respect to health and explosion hazards compared to distillation [1].
Silicone-based membranes were used earlier in the vegetable oil industry by some
researchers [2-5] but the exact chemical composition and morphology of the
membrane was not clearly revealed. Therefore, the conclusions concerning transport
phenomena could not be related to the nature and properties of the membranes.
The goal of this work is to prepare and characterize tailor-made composite membranes
with controlled composition and separation characteristics. The membrane consists of
poly(acrylonitrile) (PAN) as the support and polydimethylsiloxane (PDMS) as the
selective top layer. The PAN support combines sufficient chemical stability with good
membrane performance and is used in a wide range of applications [6]. Its
morphology is stable in the dry state, without requiring impregnation with substances
like glycerol to prevent pore collapse. In addition, PDMS has high chemical and
thermal stability, combined with low toxicity [7, 8] that makes it suitable for the
edible oil industry.
First, our work describes a systematic investigation of the parameters that are
important to prepare a stable, defect-free PAN/PDMS composite membrane. The
optimum concentration of the PDMS coating solution, the number of coating steps in
combination with the support pore size are defined. Then, the composites are tested in
filtration experiments with pure hexane and oil/hexane solutions. The results are
compared with the commercially available silicone type membrane, MPF–50, and a
silicone membrane supplied by GKSS Forschungszentrum, Germany.
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2.2. Theoretical background

2.2.1. Chemical and physical properties of PDMS
Polydimethylsiloxanes, frequently referred to by the generic name silicones, are
polymers with a unique combination of properties, due to the presence of an inorganic
siloxane backbone and organic methyl groups attached to the silicon. PDMS is
extensively used in various applications due to some fundamental structural
properties:
• low intermolecular forces between the methyl groups;
• unique flexibility of the siloxane backbone;
• high bonding energy of the siloxane bond.
These properties result in a low glass transition temperature (Tg = -123°C), as well as
a good thermal, chemical, and oxidative stability. In order to prepare silicone
membrane, the PDMS should be cross-linked. In this work, PDMS 615 supplied by
General Electric is used. It is a two-component system: (a) RTV A that contains a
dimethylvinyl terminated pre-polymer and the Pt-catalyst, and (b) RTV B that
contains the cross-linker with several hydride groups. The hydrosilylation (addition
reaction) relies on the ability of the hydrosilane bond of the cross-linker (≡SiH) to add
across a carbon-carbon double bond belonging to the pre-polymer in the presence of
the Pt catalyst – see Figure 1.
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Figure 1: Scheme of the cross-linking reaction for the silicone network formation.
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2.2.2. NF membrane preparation and the pore intrusion phenomena
Bearing in mind the inverse relation between transmembrane flux and membrane
thickness, the preparation of thin, selective membranes is important. However, thin
freestanding PDMS films are usually not strong enough to withstand high pressures.
Therefore, a porous support is required that will ensure mechanical stability.
Composite membranes can be prepared by a coating procedure. This method is
suitable for preparation of thin composite membranes and can be easily scaled-up for
industrial production [9]. Generally, the surface of the support membrane is briefly
contacted with the polymer coating solution. After subsequent solvent evaporation, a
thin polymer film is formed onto the support. The thickness of the coating layer
basically depends on the concentration of the polymer solution and on the pore size of
the support. The support should have relatively high porosity in order to avoid
additional mass transfer resistance for the permeating compounds. However, wide
pores in the support may lead to pore intrusion of the coating solution. Moreover, the
duration of contact between the support and polymer coating solution is a process
parameter which can influence the quality of the resulting coating layer. Therefore, a
closer look at the important parameters related to the composite membrane
preparation is crucial in order to obtain the optimum membrane characteristics – i.e.
good adhesion to the support layer, low pore intrusion, etc. Generally, the top-layer
thickness depends on the balance between the viscous forces, the capillary forces and
the inertial forces [9].
When the support has large pores and/or when the viscosity of the coating solution is
too low, pore intrusion phenomena may occur. This significantly influences the
membrane performance and has been in fact the foundation of industrial gas
separation using membranes [10]. Confinement of the top layer material in the porous
support restricts the swelling of the polymer immobilized inside the pore due to the
rigidity of the support matrix. In literature, several methods to reduce pore intrusion
have been reported [11]. One suggests the use of polymer solutions in which the
dimensions of the polymer chains are bigger than the pore size of the support. The
polymer chain dimension depends on the interaction between the polymer chain and
the solvent: a good solvent leads to more extended polymer chains. Another way to
prevent pore penetration is to use a coating solution with high viscosity due to the
increased concentration and/or increased molecular weight of the polymer prior to
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coating, for instance, by pre-cross-linking, as it will be discussed later in this chapter.
Another approach is by filling the support pores with a liquid that is not miscible with
the coating solution. Water, however, as the pore filling liquid, should be avoided for
the type of pre-polymer/cross-linker PDMS used in this work due to a competitive
process of hydrolysis of the SiH groups. The sensitivity of the PDMS cross-linker
towards moisture has already been reported in literature [7, 8, 12, 13]: the SiH groups
may be consumed by an undesired side reaction involving water.
2.2.3. Mass transport through porous and non porous membranes
Below, we summarize briefly the transport mechanism of liquids and gases through
the porous and dense membranes:
1. convective flow;
2. diffusion through porous membrane;
3. solution-diffusion through dense membrane.
1. For liquids, the flux through a porous membrane can be described by the HagenPoiseuille equation for viscous flow:

J=

nπ rp4 ∆p
8ηAτ l

Equation 1

where J is the liquid flux, n the number of pores, rp the pore radius, ∆p the pressure
difference across the membrane, η is the liquid viscosity, A is the membrane area, τ
the membrane tortuosity, l the membrane thickness.
2. The gas transport through a porous membrane depends on the pore size: when
relative large pores or defects are present (>10 nm), the gas flux is mainly determined
by the viscous flow in which gas molecules collide exclusively with each other [9,
14]. At smaller pore sizes, the gas flux is mainly determined by Knudsen diffusion:
diffusing gas molecules collide more with the pore walls than with the other gas
molecules. The gas flow is described by:
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J k ,g =

Pk , g ∆p
l

=

nπ rp2 Dk , g ∆p
ARg Tτ l

Equation 2

where Jk,g is the gas flux, Pk , g is the gas permeability coefficient, Rg the gas constant, T
the temperature, and Dk,g is the Knudsen diffusion coefficient. This diffusion
coefficient can be calculated using:

Dk , g = 0.66 rp

8 Rg T

Equation 3

π MW

where MW is the molecular weight of the gas.

Equation 3 shows that the gas flow is inversely proportional to the square root of the
molecular weight. Therefore, the separation of two gases by the Knudsen mechanism
depends on the square root of their corresponding molecular weight.
3. According to the solution-diffusion model which was developed by Lonsdale et al.
[15] and recently reviewed by Wijmans and Baker [16], the flux of a species i through
a non porous, dense membrane is given by:

Ji =

−υ ( p − pp )
Di K i
[cif − cip exp( i f
)]
l
Rg T

Equation 4

where Di is the diffusion coefficient of i through the membrane, Ki is the sorption
coefficient, cif, cip is the feed and permeate concentrations of species i, respectively, υi
is the partial molar volume of species i, pf , pp is the feed and permeate sides pressures,
respectively. The primary assumption made in the model is that the flux of the solute
and solvent are independent. For the pure solvent and by incorporation of the osmotic
pressure, Equation 4 becomes:

Ji =

Di K i cif
l

[1 − exp(

− υi (∆p − ∆π )
)]
Rg T

Equation 5
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where ∆π is the difference in osmotic pressure across the membrane. When the
exponential term is small (low pressure range and solvent with small partial molar
volume) then the Equation 5 can be written to a very good approximation as:

Ji =

Di K i cif υi
l Rg T

(∆p − ∆π )

Equation 6 a

or

J i = P(∆p − ∆π )

Equation 6 b

where P is a constant equal to the term

Di K i cif υ i
l Rg T

and is called the solvent

permeability.
Similarly, the flux of the solute j is:

Jj =

Dj K j

[c jf − c jp exp(

l

−υ j ( p f − pp )
Rg T

)]

Equation 7a

At low pressure range and for solutes of small partial molar volume, the exponential
term is small and the Equation 7a can be written to a very good approximation as:

J j = B(c jf − c jp )

where B =

Dj K j
l

Equation 7b

is usually constant and is called the solute permeability. Equation 6b

indicates a linear increase of solvent flux with increasing transmembrane pressure
difference, whereas Equation 7b indicates that the solute flux remains unaffected by
the pressure difference.
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2.3. Experimental

2.3.1. Materials
The PAN ultrafiltration membranes (with MWCO of 30 and 50 kDa) were provided
by GKSS - Germany. These membranes were delivered in the dry state and used
without further treatment. Table 1 presents the PAN specifications given by the
manufacturer.

Table 1: Manufacturer data of PAN support.
d 50a

MWCOb

(nm)

(kDa)

HVII

11.6

50

HVIII

6.7

30

PAN Type

a

d50 mean pore size

b

MWCO – molecular weight cut-off, measured with an aqueous Dextran solution

The selective top layer of the composite was PDMS (RTV 615 type, kindly supplied
by General Electric, The Netherlands). The silicone kit was a two-component system,
consisting of a vinyl-terminated pre-polymer (RTV A) and a cross-linker containing
several hydride groups (RTV B). Curing of the PDMS-membrane occurs via a Ptcatalysed hydrosilylation reaction to form a densely cross-linked polymer network
(see Figure 1).
The n-hexane (Merck, The Netherlands) and the sunflower oil (Fluka, The
Netherlands) were used as supplied, without further purification. The refined
sunflower oil consisted of a mixture of triglycerides (mostly C18 with traces of C16C20 fatty acids), with molecular weight around 900. Linoleic acid was the major
component with unsaturated bonds.
The MPF-50 (silicone type composite membrane) was purchased from Koch - USA.
This membrane was supplied in the wet state, soaked in 50 % ethanol/water solution.
The GKSS membrane was also a silicone based composite, PAN-PDMS, kindly
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provided by GKSS Forschungszentrum, Germany. This membrane was delivered in
the dry state and used without further treatment.

2.3.2. PAN/PDMS composite preparation
The PAN/PDMS tailor-made composite membranes were prepared in a two-step
coating procedure:

• Dip coating of the PAN support membrane in a 1 % (w/w) PDMS/hexane
solution and placing in a N2 oven at 65 °C for 4 h.

• Dip coating of the membranes with pre-cross-linked PDMS/hexane
solutions of various concentrations. (Initially, 15 % (w/w) PDMS/hexane
solution is pre-cross-linked at 60°C for 3 h, and then diluted at various
concentrations). The composites were then placed in a N2 oven at 65 °C for
4 h to complete the cross-linking.
Before the coating process, the PAN support was glued on a glass plate with PVC tape
and was slowly immersed in a vessel containing the coating solution. The gluing of
the support membrane guaranteed the coating solution to only contact the skin layer of
the UF-support membrane. The angle of immersion was 90° - see Figure 2.
PAN support
Dip coating

Withdrawing
PAN/PDMS
membrane

T
PDMS/hexane
solution

B

Figure 2: Schematic drawing of the dip coating process (T and B indicates the top
and bottom side, respectively, of the PAN/PDMS composite membrane).
The prepared membrane composites are coded Mx-y, where x is the PDMS
concentration and y is the MWCO of the PAN support.
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2.3.3. Membrane characterization
The viscosities of the PDMS/hexane solutions were measured using an Ubbelohde
viscometer (model OC with an instrument coefficient of 0.0143 cSt/s) obtained from
Tomson, The Netherlands. The densities of the solutions were measured using Digital
Density Meter DMA 50, purchased from Anton Paar, The Netherlands. Both the
viscosity and density measurements were performed in triplicate at 25°C.
Scanning Electron Microscopy (SEM) was used for investigation of the PAN/PDMS
composites morphology. The microscopic studies were performed using a Scanning
Electron Microscope Jeol JSM-5600LV, at 5 kV. The cross-sectioned samples were
prepared by breaking the specimens in liquid nitrogen. After drying for at least 4
hours in a vacuum oven at 30º C, the samples were sputtered with gold (with a
sputtering device, model SCD 040, Balzers Union) under vacuum for 300 s at a
current intensity of 15 mA.
The quality of the composite membrane was assessed by performing single gas
permeation measurements with N2 and CO2, using the set-up and procedure described
in [10]. The gas fluxes through the membrane were measured by a soap-bubble meter
(feed pressure in the range of 1 - 2.5 bar and downstream pressure of 1 bar). The
selectivity of CO2 over N2 ( α CO / N ) of the membranes was calculated by:
2

α CO

2 / N2

=

2

PCO

Equation 8

2

PN

2

where PCO2 and PN2 is the CO2 and N2 gas permeability (note that the intrinsic PDMS
selectivity, for CO2 over N2, is α CO / N = 11.6).
2

2

2.3.4. Liquid permeation set-up and procedure
All the liquid permeation experiments were performed in a dead-end filtration set-up
with 3 test cells (Figure 3).
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3

4

4

4

4

1

1 = gas cylinder, 2 = feed reservoir, 3 = stirred permeation cells, 4 = permeate vessels

Figure 3: Schematic diagram of the liquid permeation set-up.
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Each cell had a capacity of 350 cm3 and an effective membrane area of 12.6 cm2. A
porous stainless steel disc supported the tested membrane. For the permeation
experiments, the feed solution was placed in a feed tank and N2 gas was used to apply
pressures up to 7 bar. A magnetic bar suspended from the top provided continuous
stirring above the membrane surface. The bar was driven by an external explosion
proof magnetic stirrer (Variomag, H+P Labortechnik GmbH, Germany).
All the permeation experiments were performed at room temperature (24 ± 3 °C). For
oil/hexane solution the following protocol was used: the membranes were placed in
the test cells and a pre-conditioning step with pure hexane at 7 bar for 1 h was
performed. The system was then slowly depressurised, the hexane was removed, the
oil/hexane solution was placed in the reservoir and new pressure was applied. After
each measurement, the system was slowly depressurised, the permeate was collected
and analysed and then returned to the feed reservoir. The sunflower oil concentration
in the feed and permeate solutions (cjf, cjp, respectively) was analysed by refractive
index measurements at 25 °C using a Abbe-3 refractometer, from Carl Zeiss,
Germany. The sunflower oil retention was calculated using the equation:

 c 
R = 1 − jp  × 100
 c 
jf 


Equation 9

The flux through the membrane was calculated by dividing the permeate volume (in l)
by the membrane area (in m2) and the collecting time (h). The permeate volume was
determined by dividing the collected weight by the permeate density.
Values and error bars reported in the tables and figures are based on the measurements
with at least three different membranes.
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2.4. Results and discussion
2.4.1. Characterization of the PAN support
The gas transport through the PAN support is expected to be of the Knudsen type: the
ratio of the CO2 and N2 fluxes should be equal to the reciprocal ratio of the square root
of the gas molecular weight.

α CO

2 / N2

=

J CO , g
2

JN

=

2 ,g

MN

2

M CO

= 0.79

Equation 10

2

The selectivity of CO2 over N2 for the PAN support is found to be 0.80, very close to
the ratio of the square root of the N2 over CO2 molecular weight, 0.79, showing that
the gas transport mechanism is indeed Knudsen.
SEM pictures (cross-section and surface) of the PAN support membrane are shown in

Figure 4. The cross-section picture shows a homogeneous pore structure. A uniform
surface is observed and no pore-like features are depicted at this SEM magnification,
as expected from the pore size reported by the supplier (maximum 12 nm - see Table

1).

5 µm

(a)

2 µm

(b)

Figure 4: SEM pictures of PAN support (a) cross section (magnification 4000x) and
(b) surface (magnification 8000x).
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To check if PAN is a suitable support for the composite membrane preparation, its
thermal and chemical stability under the membrane preparation conditions were
studied. First, the influence of the thermal treatment at 65°C in a N2 oven on the
membrane structure was evaluated by performing gas and liquid (water and hexane)
permeation experiments before and after the thermal treatment: no difference was
noticed, showing that the PAN morphology was stable under the studied conditions.

Figure 5 presents typical results of the fluxes of various solvents through the PAN
support versus time, at a transmembrane pressure of 1 bar. In all cases, the solvent
fluxes are constant in time.
250
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Figure 5: Solvent flux as a function of operating time through PAN support.
Experimental conditions: transmembrane pressure of 1 bar, at 24 ± 3°C.
The effect of the transmembrane pressure on the solvent flux was also studied in the
range of 1-7 bar. The results are plotted in Figure 6. The presented data are steadystate values, collected after 1 h of permeation.
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Figure 6: Solvent flux as a function of transmembrane pressure, at 24 ± 3°C.
The solvent flux increases linearly with the applied pressure, showing no appreciable
membrane compaction at this pressure range. Table 2 presents the solvent
permeability (calculated from the slopes of Figure 6).

Table 2: Solvent permeability of PAN support and its normalization by solvent
viscosity.
ηa

P

Pnorm=Pη

(cP)

(l m-2h-1bar-1)

(cP lm-2h-1bar-1)

Water

1.00

69 ± 7

69 ± 7

Ethanol

1.08

62 ± 5

67 ± 5

n-hexane

0.32

188 ± 20

60 ± 6

Solvent

a

viscosity data taken from [17], at 25°C
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The solvent permeability normalized by solvent viscosity is statistically not different
(in the range of 60-69 cPlm-2h-1bar-1), showing that liquid flow through the PAN
depends on the solvent viscosity, according to the Hagen-Poiseuille equation (see

Equation 1).
The stability of the membranes under the permeation conditions was investigated, too.
After the liquid permeation experiments were performed, the membranes were
allowed to dry and the liquid permeation experiments were performed again. The
results were consistent with those of Figure 5 and Figure 6. Moreover, the
examination of the PAN support after permeation experiments by SEM did not reveal
any changes in membrane morphology.
All the above results show that PAN membrane has the required stability for the tested
solvents and conditions, indicating its stability for the preparation of the PAN/PDMS
composites.

2.4.2. Preparation of PAN/PDMS composite membranes
The influence of the PDMS concentration on the quality of the prepared PAN/PDMS
composite membranes was systematically studied. For this test, the PAN support with
MWCO of 30 kDa was used. To identify the optimum coating conditions, gas
permeation experiments were used.
For the gas permeation data, the CO2 permeability was taken as the quality indicator,
assuming that the selectivity of a dense, defect-free coating is determined only by the
top-layer. Note that this assumption is only correct for a support which does not
contribute to the total mass transport resistance. In any other case, the model of Henis
and Tripodi should be applied [10]. Figure 7 shows that the normalized CO2
permeability from Equation 2, (PCO2/l), decreases systematically with increasing
polymer coating solution concentration, as expected. The gas selectivity, α CO / N ,
2

2

increases, approaching the intrinsic gas selectivity of PDMS, for the 7 % (w/w)
PDMS/hexane coating solution.
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Figure 7: The normalized CO2 permeability (PCO2/l) and α CO / N of the composite
membranes as a function of the PDMS concentration in the coating solution.
Experiments performed with pure gas at 24 ± 3 °C.
2

2

For PDMS concentration in the range of 1 - 5 % (w/w), low gas selectivity is obtained
in comparison with the PDMS intrinsic selectivity (11.6), indicating that the coating
layer has defects. The results of Figure 7 show that it is important to use concentration
of PDMS solution of 7 % w/w in order to obtain a defect-free membrane. The good
quality of the top layer can be directly correlated to the viscosity of the coating
solution: the kinematic viscosity of the solution increases from 0.49 to 0.99 cSt when
the concentration increases from 0 to 7% w/w. At relatively high viscosity, the
composite has a defect-free coating layer.
Based on the initial screening experiments, the PAN/PDMS composites prepared with
7 % (w/w) PDMS coating solutions are selected for further studies.

2.4.3. Reproducibility of the dip-coating method
The uniformity of the PDMS top layer thickness was studied too. A difference in the
top-layer thickness dependent on the flat sheet position relative to the dip-coating
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vessel might be expected. Therefore, the quality of the membrane at the top (T) or at
the bottom (B) side of the prepared PAN/PDMS membranes was evaluated (see

Figure 2 defining the top as the upper part of the support, which probably has shorter
contact time with the coating solution). The MWCO of the support was varied, using
PAN with a MWCO of 30 and 50 kDa. Table 3 shows the performance characteristics
of PAN/PDMS composite membranes, as a function of the top-bottom position and of
the MWCO of the PAN support. The leff.CO2 is the PDMS thickness determined from
the CO2 permeation experiments and lSEM is the PDMS top-layer visualized by SEM.

Table 3: Performance characteristics of the PAN/PDMS composite membranes.
Experiments performed with pure gas at 24 ± 3 °C.
PDMS conc.

MWCOPAN

Membrane

α CO 2 /N 2

leff.CO2

lSEM

(w/w)

(kDa)

position

(-)

(µm)

(µm)

M7-30

7

30

T

9.6 ± 1.8

1.9 ± 0.2

0.7 ± 0.2

B

9.8 ± 1.4

2.0 ± 0.3

0.8 ± 0.2

M7-50

7

50

T

9.5 ± 2.1

2.1 ± 0.5

0.8 ± 0.2

B

9.2 ± 2.3

2.3 ± 0.4

0.9 ± 0.2

Membrane

Typical SEM image of the cross-section is shown in Figure 8.

1 µm

Figure 8: SEM picture of the cross-section of the M7-30 (magnification 10000x).
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The selectivity of CO2 over N2 is close to the intrinsic PDMS selectivity. No
significant difference in the PDMS top-layer performance (gas selectivity and PDMS
effective and visualized thickness) at different position of the membrane or of the
MWCO of the PAN is observed. It seems that the viscous forces of the coating
solution are the dominant parameters compared to the capillary forces of the PAN
support.
The effective thickness of the PDMS layer is larger than the thickness visualized by
SEM. It seems that in between the support and the dense top layer exists an
intermediate layer where the PDMS penetrates into the pores of the support.

2.4.4. Liquid permeation
The liquid permeation performance of the M7-30 composite membrane in hexane and
oil/hexane solutions is systematically investigated, including the longer-term
permeation experiments too. The use of the PAN/PDMS membrane in subsequent
experiments was evaluated by permeating hexane for 2 days (run 1 and 2, filtration of
about 6 h per day), showing that the hexane flux through the membrane is constant
over the operating time - Figure 9.
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Figure 9: Hexane flux through the M7-30 composite membranes as a function of
operating time. Experimental conditions: 7 bar, 24 ± 3°C.
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The stability of the composite membrane is further confirmed by SEM examination of
the membrane surface and cross-section before and after liquid permeation. There is
no change in the PAN/PDMS membrane morphology.
In addition, the long-term permeation through the membrane is studied, using a 8
%(w/w) oil/hexane feed solution, at transmembrane pressure of 7 bar. Figure 10
presents the results after three consecutive days (runs) of oil/hexane permeation for
about 6 h per day. No significant changes in membrane performances are found.
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Figure 10: Permeate flux and oil retention of the M7-30. Experimental conditions: 7
bar, at 24 ± 3°C.
The influence of drying on the performance for the composites was also investigated.
First, the flux and retention of a 8 % (w/w) oil/hexane feed solution, at 7 bar, 24 ± 3°C
was measured. Subsequently, the membranes were dried and then a new permeation
experiment under the same experimental conditions was performed. No significant
difference between the flux and retention values of virgin and used membranes was
observed.
From all the above results, we conclude that the tailor-made PAN/PDMS membranes
are stable under the tested conditions.
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2.4.5. Comparison with other silicone type membranes
The commercially available NF membrane MPF-50 and a GKSS silicone membrane
were also characterized in order to compare their separation performances with those
of the PAN/PDMS tailor-made membranes.
The MPF-50 is a silicone type membrane of which the exact chemical composition is
not known. Its structure was characterized by SEM and ATR-FTIR and its separation
performance by liquid permeation experiments (hexane and oil/hexane solutions).

Figure 11 shows the SEM pictures of the cross-section of the MPF-50 membrane,
confirming the composite nature of the MPF-50, with a selective top-layer and a
porous support.

(a)
50 µm

(b)

1 µm

Figure 11: SEM pictures of the cross-section of MPF-50 membrane, (a) magnification
of 500x and (b) zooming in (magnification 12000x) on details of the surface region.
The top view of the MPF 50 (presented in Figure 12) shows a relatively smooth
surface. Similar observations were reported by Machado et al. [18] and Vankelecom et
al. [19].
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2 µm

Figure 12: SEM picture of the surface of the MPF-50 (magnification 8000x).
Figure 13 shows the ATR-FTIR spectrum of the MPF-50 membrane. In the region
from 3100 cm-1 to 1100 cm-1 some pronounced peaks characteristic of the Si-O-Si in
siloxanes [17] are observed, suggesting a silicone-type coating layer, in agreement
with the results reported by others [18, 19].
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Figure 13: ATR- FTIR spectrum of the MPF-50 membrane.
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The gas permeation experiments showed that the membrane selectivity, α CO

2

/ N2

, was

around 1.2, indicating that the gas transport mechanism through the MPF-50 dried
membrane is of viscous type. By examining the membrane after the gas permeation
measurement, large cracks on the membrane surface (membrane top layer) could be
observed. It seems that the selective top-layer becomes brittle upon drying (the
supplier recommends the use of the membrane in the wet state only), indicating that
the measured gas selectivity corresponds to the support layer of the MPF-50
composite rather than to the silicone type top-layer.
The GKSS membrane used in the current study is a radiation cross-linked PAN/PDMS
composite [20]. The gas permeation experiments show that the membrane selectivity
α CO / N is 10.3 ± 0.4, confirming a defect-free PDMS top-layer. SEM pictures of the
2

2

membrane cross-section and surface are shown in Figure 14. They reveal a relatively
uniform surface which is characteristic for a PDMS dense layer.

(a)

(b)
1 µm

2 µm

Figure 14: SEM pictures of (a) the top-surface and (b) the cross-section of the GKSS
membrane.
The effective thickness, calculated from the gas permeation experiments is around 2.2

µm, in good agreement with the visualized top-layer thickness by SEM (lSEM of about
2 µm), indicating that there might be no pore intrusion in the support.
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Figure 15: Hexane flux as a function of the transmembrane pressure, at 24 ± 3°C.
Figure 15 presents the effect of transmembrane pressure on the hexane flux for M7-30
and GKSS membranes. We do not have data for the hexane flux through the MPF-50
membrane due to the difficulty to position the membrane in the permeation set-up. As
received from the supplier, the membrane is rather curled, which makes the membrane
handling difficult for the configuration of our permeation cell (however, we managed
to perform one permeation experiment with 8% (w/w) oil/hexane, data shown later).
In addition, the membrane should always be kept in a wet state to avoid irreversible
changes of the membrane morphology (manufacturer’s data sheet information). On
the contrary, the GKSS and our PAN/PDMS tailor-made membranes were easy to
handle and they could be used in the dry state without further treatment.
At the same experimental conditions, the hexane permeability through the GKSS
membrane is about two times higher than through M7-30 (5.9 and 3.1 lm-2h-1bar-1,
respectively. The difference might be due to the restricted swelling caused by the
confinement of PDMS within the porous support (for the M7-30) or/and due to the
difference in the cross-linking degree of the PDMS network.
In both cases, the hexane flux increases linearly with the applied pressure. Hence, for
the hexane transport through the membrane, the Equation 6 b can be used (this
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equation gives a reasonable prediction of the hexane flux, due to the relative low
molar volume of hexane and low pressure range applied). Other studies reported also
on the linearity of the flux of various solvents (polar and non-polar) with applied
pressure through hydrophobic and hydrophilic NF membranes [18, 21-23].

Figure 16 presents the effect of the feed pressure on the hexane flux for a 8 % w/w
oil/hexane feed solution.
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Figure 16: Hexane fluxes as a function of the transmembrane pressure. Experimental
conditions: 8 % (w/w) oil/hexane feed solution, at 24 ± 3°C.
For the GKSS and the M7-30 membranes, the linearity of the hexane flux with applied
pressure indicates that no compaction of the membrane occurs over the applied
pressure range. However, the MPF 50 membrane shows a non-linear behaviour,
suggesting that the membrane is probably compacted during the permeation
experiment. Because of the compaction, the membrane resistance towards the flow
increases and the permeate flux decreases at applied pressure higher than 4 bar. The
compaction behaviour of the MPF-50 is in agreement with the data already reported in
literature [2, 24] although these references reported the permeation data at higher
pressures compared to the present study.
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Table 4 presents the oil retention of the M7-30 PAN/PDMS tailor-made membranes,
GKSS and MPF-50 for a 8 %( w/w) oil/hexane feed solution at 7 bar. The presented
values are under steady state condition (permeation time up to 120 min).

Table 4: The oil retention for the M7-30, GKSS and MPF-50 membranes.
Experimental conditions: feed solution of 8 % (w/w), transmembrane pressure of 7
bar, at 24 ± 3°C.

Membrane

Oil retention
(%)

M7-30

88 ± 3

GKSS

89 ± 3

MPF-50

49 ± 5

For the GKSS and M7-30 membranes, x-intercepts (at Jhexane = 0) of around 1 bar are
found. For both membranes, this agrees very well with the osmotic pressure
difference, ∆π, calculated with the van’t Hoff equation:

∆π =

Rg T∆c
MW

Equation 11

∆c is the solute concentration difference across the membrane and MW is the solute
molecular weight of the solute. In Chapter 3 of this thesis, a systematical investigation
of the osmotic phenomena for the PAN/PDMS membrane will be presented.
For the MPF-50 membrane, however, there is a difference between the intercept and
the calculated ∆π is found (x-intercept/∆πcalculate is 0.2/0.7 bar). This is probably due to
the lower membrane retention, around 50 %.
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2.5. Conclusions
In this work, tailor-made PAN/PDMS composite membranes are reproducibly
prepared and used for the separation of oil/hexane solutions. A composite membrane
with good quality of the PDMS top layer was obtained when the 7 % (w/w)
PDMS/hexane coating solution was applied. The prepared membranes are stable
under the testing conditions and no membrane compaction occurs under the applied
pressure range. The results show that the PAN/PDMS composite membrane presents
good permeation performance, high hexane permeability (around 3.1 lm-2h-1bar-1) and
good oil retention (about 90%). The performance of the PAN/PDMS composite is
compared with the commercially available silicone type membrane, MPF–50 and the
silicone membrane supplied by GKSS, Germany.

2.6. List of symbols

A

Membrane area (m2)

B

solute permeability coefficient

cf

Concentration in the feed side (% w/w)

cp

Concentration in the permeate side (% w/w)

d50

Mean pore size (nm)

Di,k,g

Diffusion coefficient

J

Flux through membrane

K

Partition coefficient

l

Membrane thickness (µm)

MW

Molecular weight (g/mol)

MWCO

Molecular weight cut off ( Da)

n

Number of pores

∆p

Transmembrane pressure (bar)

P

Permeability through the membrane

R

Membrane retention

41

rp

Pore radius (m)

Rg

Gas constant (J mol-1K-1)

t

Time (h)

T

Temperature (K)

Greek symbols

α CO 2 / N 2

Gas selectivity of membrane for CO2 over N2

η
∆π

Viscosity (cSt)

τ

Membrane tortuosity (-)

υ

Molar volume (lmol-1)

Osmotic pressure (bar)
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Appendix I
Effect of stirring rate on the membrane performance
Figure I.1 presents the effect of the stirring rate (range 130-1400 rpm) on the
permeate flux and membrane retention, for the M7-30 composite and 8 % (w/w)
oil/hexane feed solution.
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Figure I.1: The permeate flux and membrane retention for the feed solution of
8 % (w/w) oil/hexane. Experimental conditions: 7 bar, 24 ± 3°C.
The permeate flux is constant for stirring rate up to 700 rpm, however, decreases at
higher stirring rates. This phenomenon is reversible and reproducible at various feed
concentrations (8 – 30 % (w/w)) and by using different solutes (sunflower oil and
polyisobutylene of different MW). Similar behaviour was observed for the
commercial MPF-50 membrane using the same feed solutions.
It is well known that the turbulence produced by stirring may have a large effect on
the permeate flux through the membrane [I.1]. Agitation and mixing of the solution
near the membrane surface could sweep away the accumulated solute, decreasing the
thickness of the polarization boundary layer, thus increasing the permeate flow
through the membrane. In the present case, however, we observe the opposite: the
total transport through the membrane decreases with the increase of the stirring rate.
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The triglycerides constitute over 95% of crude vegetables oil; the remaining
components include phospholipids, free fatty acids, pigments, sterols, carbohydrates,
and proteins. It has been already reported that the phospholipids can form reverse
micelles in hexane [I.2]. Therefore, one reason for the decrease of membrane
permeability could be the micelle formation induced by the high shear due to vigorous
stirring. If that was the case, we would then expect to find an increase in oil retention
and changes in the feed concentration due to the deposit of micelles. However, we did
not observe any of these phenomena. Most likely, the flux decline at stirring rates
higher than 700 rpm is due to the vortex created in the cell, which was visualized in a
transparent stirred cell of comparable size and stirrer position with the stainless steel
cell – see Figure I.2.

(a)

(b)

(c)

Figure I.2: Visualization of the vortex due to the stirring rate: (a) 300 rpm, (b) 700
rpm (c) 1400 rpm.
At low stirring rates, for the cell with an axial mounted stirrer, the liquid is set in
motion, and generates a liquid vortex. At high stirring rates the vortex may reach the
stirrer head and gas entrains the liquid [I.3]. The stirrer then partly rotates in gas and
therefore the liquid transport is not very effective and the flow through membrane
decreases. Based on the above finding, we decided to perform all further permeation
experiments at 700 rpm.
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Appendix II

Influence of the PDMS thickness on the membrane performance

In order to check the influence of the PDMS thickness on the membrane performance,
we applied more coating steps with a 7 % (w/w) pre-cross-linked PDMS/hexane
solution onto PAN. In this way, various PDMS thicknesses are obtained by applying a
new PDMS layer on the existing one (after each coating step, the thermal treatment in
a N2 oven at 65 °C, 4 h was applied). The prepared PAN/PDMS membranes are
defect-free, showing a CO2/N2 selectivity of about 10, close to the intrinsic selectivity
of PDMS.

Figure II.1 shows typical SEM images of the cross-section of the prepared
PAN/PDMS membranes with various PDMS thicknesses.

5µm

1µm

Figure II.1: Typical examples of the SEM images of cross-section of the prepared
PAN/PDMS membranes with thicknesses of about: (a) 7 µm and (b) 1µm.
The PDMS thickness visualized by SEM increases with the number of coating layers,
as expected. The PDMS effective thickness was measured from the pure CO2
permeation experiments, following the procedure described in [II.1]. Table II.1
summarizes the results for the effective and visualized PDMS thickness.
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Table II.1: Effective and visualized PDMS thickness of the PAN/PDMS membranes
prepared by various coating steps (coating solution of 7 % w/w PDMS hexane).
Coating steps

leff(CO2) (µm)

lSEM (µm)

1

2.0 ± 0.2

0.9 ± 0.2

3

3.2 ± 0.3

1.9 ± 0.4

6

8.2 ± 0.4

7.0 ± 1.4

For all the membranes, it seems that the pore intrusion is similar (about 1µm), as given
from the difference between effective and visualized PDMS thickness.

Figure II.2 shows the effect of PDMS thickness on the hexane flux through
PAN/PDMS composite membranes, at various transmembrane pressures.
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Figure II.2: Hexane flux as a function of transmembrane pressure through
PAN/PDMS of various thicknesses, at 24 ± 3°C.
The hexane flux increases linearly with the applied pressure in all cases, indicating
that no membrane compaction occurs over the applied pressure range. The hexane
flux through PAN/PDMS composite membranes decreases with the increase of the
PDMS thickness as expected from the solution-diffusion model discussed in detail
earlier (Equation 6 b).
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For the PAN/PDMS composite membrane, however, it is difficult to identify the
“real” membrane thickness corresponding to l of Equation 6 b. Table II.2 presents an
attempt to normalize the hexane permeability (Phexane) through the PAN/PDMS
composite membranes with the PDMS thickness.

Table II.2: Normalized hexane permeability for various PDMS thicknesses.
Phexane
(lm-2h-1bar-1)

Phexane × leff .CO2

Phexane × l SEM

(lm-2h-1bar-1µm) (lm-2h-1bar-1µm)

3.0 ± 0.3

6.0 ± 0.5

2.7 ± 0.4

2.0 ± 0.2

6.4 ± 0.6

3.8 ± 0.8

1.4 ± 0.1

11.5 ± 0.8

9.8 ± 1.3

Neither the normalization by the leff .CO nor by the l SEM gives a constant value for the
2

membranes of various thicknesses. The PDMS swells significantly in hexane,
therefore the thickness in the wet state would be different than the PDMS thickness
determined in the dry state by gas permeation and SEM. In addition, swelling of the
PDMS would be different within the pores (restricted swelling by the pore walls) than
when it is on top of the support, exhibiting different mass resistances for the hexane
transport. The difference in swelling between the PDMS inside the pores and on the
top of the support would probably differ for membranes with thicker top layer.

Figure II.3 shows the effect of the transmembrane pressure on the hexane flux for
various PDMS thicknesses, at 8 % w/w oil/hexane solution.
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Figure II.3: Hexane flux as a function of transmembrane pressure through
PAN/PDMS membranes of various effective thicknesses. Experimental conditions: 8%
w/w oil/hexane feed, at 24 ± 3°C.
The hexane permeability coefficient for each effective thickness (calculated from the
slopes of the graphs in Figure II.3) decreases with the increase of PDMS thickness.
Again the normalized P-values with the leff .CO or the l SEM do not give a constant value
2

for the membranes of various thicknesses (see Table II.3).

Table II.3: Normalized hexane permeability through PAN/PDMS membranes of
various PDMS thicknesses. Experimental conditions: 8% w/w oil/hexane feed, at
24 ± 3°C.
Phexane
(lm-2h-1bar-1)

Phexane × leff .CO2

Phexane × l SEM

(lm-2h-1bar-1µm) (lm-2h-1bar-1µm)

2.1 ± 0.2

4.2 ± 0.4

1.9 ± 0.2

1.2 ± 0.2

3.8 ± 0.6

2.3 ± 0.3

0.8 ± 0.1

6.6 ± 0.8

5.6 ± 0.7

Figure II.4 presents the oil retention as a function of the transmembrane pressure for
various PDMS effective thicknesses, at 8% w/w oil/hexane solution.
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Figure II.4: Oil retention by the PAN/PDMS composite membrane as a function of
transmembrane pressure and effective thickness. Experimental conditions: 8 % w/w
oil/hexane solution, at 24 ± 3°C.
In all cases, the oil retention by PAN/PDMS of various PDMS effective thicknesses is
similar. Interestingly, it is also similar to the oil retention of GKSS membrane
(Chapter 2) even though their hexane permeability is much different. If we consider
that the retention of the membrane is given by the ratio of partition coefficients of
oil/hexane as well as the ratio of their diffusion coefficients, then it seems that these
ratios are constant for the studied systems. This indicates that probably the oil
retention is due to its low diffusion coefficient in the highly swollen PDMS network.
More about the transport mechanism will be discussed in Chapter 3. Vankelecom et
al. [II.3] studied the effect of pore intrusion of PDMS within the polysulfone filled
zirconium oxide (Zirfon) support for pervaporation of the water-ethanol mixture. The
flux through the PDMS/Zirfon composite membrane was found to be dependent on
the pore intrusion extend, while the membrane selectivity was similar.
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3
Insight into the transport of hexane – solute systems through tailormade composite membranes*

Abstract
This work presents composite membranes comprising poly(acrylonitrile) (PAN) as the
support and poly(dimethyl siloxane) (PDMS) as the selective top layer. For sunflower
oil/hexane and polyisobutylene (PIB)/hexane, the permeation characteristics of these
membranes for various feed concentrations and pressures are studied. For each system, the
effect of transmembrane pressure upon the flux and retention of the PAN/PDMS composite
membrane is investigated. Osmotic phenomena similar to those of aqueous systems are
observed and interpreted using the van’t Hoff equation. The hexane flux increases linearly
with the applied pressure and the hexane permeability (Phexane) decreases with the increase of
the feed concentration. The normalization of Phexane by the apparent viscosity and the
membrane swelling indicates that the viscosity may be a measure for the diffusivity of the
solvent inside the polymer network and the swelling for the solubility, in the framework of a
solution diffusion model. However, the model can not explain the solute-solvent coupling
found experimentally. The flux of the solute (oil or PIB) increases linearly with the applied
pressure as well, especially at low feed concentrations when the membrane swelling is higher,
indicating coupling of solute transport to solvent flux. For the same feed solution
concentration, the effect of flux coupling (solvent-induced solute dragging) decreases with the
molecular weight of the solute. Ultimately, when the applied pressure increases the increase of
hexane flux is much higher than the corresponding solute (oil or PIB) flux resulting to an
increase of the membrane retention.
* Parts of this chapter has been published in Journal of Membrane Science 228 (2004), 103116
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3.1. Introduction
Nanofiltration (NF) is the membrane process located between ultrafiltration (UF) and
reverse osmosis (RO) with respect to size discrimination. It has the advantage of low
operating pressure compared to RO and higher molecule retentions compared to UF.
For nanofiltration, research mainly focused on aqueous systems; however, a lot of
pharmaceutical and fine chemical conversions as well as extraction applications are
carried out in organic, non-aqueous media. Nanofiltration membranes used in organic
media are either composite membranes, consisting of an UF support membrane and a
thin selective layer of different material [1 - 3], or they are asymmetric membranes
prepared from the same material [4].
In the recent years, several papers have been published on the membrane applications
in non-aqueous solvent media [5 - 21]. Research focussed on the separation of some
particular solvent/solute systems rather than experiments designed to fundamentally
understand the influence of individual factors affecting mass transport. In addition,
most of the studied membranes were commercial and the exact nature of their selective
layer has not been fully revealed. Recently, Bhanushali et al. reviewed the main
findings in the field and investigated the permeation of several organic media through
various hydrophilic and hydrophobic membranes [5, 6]. They found similarities in the
transport mechanisms for the aqueous and non-aqueous systems based on the relative
size ratios of solute and solvent; one important conclusion was that coupling of the
solute and solvent fluxes could not be neglected. Luthra et al. [10] suggested that the
observed flux decline in time for a batch filtration of tetraoctylammonium
bromide/toluene systems, through STARMEM 122 membrane could be due to the
build up of osmotic pressure, which they estimated to be around 12 bar. Scarpello et al.
[11] have reported for the STARMEM 122 membranes that the catalyst retention
increased with the increase of feed concentration. Zwijnenberg et al. [17], found a
constant retention of triglycerides in acetone through the Pebax composite membrane
over the concentration range 0-50 %(w/w) (applied pressure 20 bar). The reason for
the constant ratio between acetone and triglyceride remained unexplained. This might
be due to the interaction between the hydrophilic membrane in nature and the polar
solvent. It is obvious that the parameters affecting the mass transport in organic solvent
NF are rather complex. The transport of solvent and solute through the membranes
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could be influenced by several factors. To date, the identification and influence of each
factor has not been fully sorted out and more thorough and systematic investigations
are desired.
In the vegetable oil industry, the oil extraction from different seeds is performed
mostly using hexane as the solvent. The hexane recovery by membrane processes is
environmentally friendly and safer with respect to health and explosion hazards
compared to the evaporation [18]. Up to date, the recovery of solvent and the
fractionation of fats and oils by membrane technology have been mainly investigated
on the laboratory scale using commercial membrane materials [13, 19 - 21]. However,
these materials are relatively expensive and under the experimental conditions have
limited stability. In addition, their precise chemical structure and composition is not
known and no direct relation between the membrane properties and the transport
mechanism can be drawn. In this work, we prepare our own tailor made composite
membrane, comprising poly(acrylonitrile) (PAN) as a support and poly(dimethyl
siloxane) (PDMS) as the selective top layer. The swelling and the permeation
characteristics of these membranes with sunflower oil/hexane and poly(isobutylene)
(PIB)/hexane solutions are extensively studied. For both systems, the effect of solute
concentration and of the transmembrane pressure upon the flux and retention of the
PDMS/PAN composite membrane is investigated. Our work aims to establish a
thorough experimental investigation by:
• Preparing reproducible membranes of known composition for the recovery of
hexane from oil / hexane and PIB / hexane solutions.
• Identifying and understanding the important parameters, which control the
transport mechanism through the composite membrane.

3.2. Theoretical background
According to the solution-diffusion model which was developed by Lonsdale at al [22]
and recently revisited by Wijmans and Baker [23], the flux of a species i through the
membrane is given by:
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− υi ( p f − p p )
Di K i
[cif − cip exp(
)]
l
Rg T

Ji =

Equation 1

where Di is the diffusion coefficient of i through the membrane, Ki is the partition
coefficient, l is the membrane thickness, cif, cip is the feed and permeate concentrations
of species i, respectively, υi is the partial molar volume of species i, pf , pp is the feed
and permeate sides pressures, respectively, Rg is the gas constant and T is the
temperature. The primary assumption made in the model is that the flux of the solute
and solvent are independent. For the case of the pure solvent and by incorporation of
the osmotic pressure, Equation 1 becomes:
Di K i cif

Ji =

l

[1 − exp(

− υ i (∆p − ∆π )
)]
Rg T

Equation 2

where ∆p and ∆π is the difference in applied and osmotic pressure across the
membrane, respectively. When the exponential term is small (low pressure range and
low molar volume) then Equation 2 can be written to a very good approximation as:

Ji =

Di K i cif υ i

lRg T

(∆p − ∆π )

Equation 3a

or
J i = P(∆p − ∆π )

Equation 3b

where P is a constant equal to the term

Di K i cif υ i
lR g T

and is called solvent permeability.

Similarly, the flux of the solute j is:

Jj =

DjK j
l

[c jf − c jp exp(

−υ j ( p f − pp )
Rg T

)]

Equation 4
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If the term

−υ j ( p f − pp )
Rg T

is small (low pressure range and low molar volume), the

exponential term is close to 1 and Equation 4 becomes:

Jj =

DjK j
l

(c jf − c jp )

Equation 5a

or
J j = B(c jf − c jp )

Equation 5b

where B is usually constant and is called the solute permeability. Equation 3b indicates
a linear increase of flux with the transmembrane pressure difference, whereas the
solute flux (Equation 5b) remains unaffected by the pressure difference.

3.3. Experimental
3.3.1. Materials
The PAN support membranes with MWCO of 30 and 50 kDa were provided by GKSS
- Germany. The membranes were delivered in dry state and used without further
treatment (their specifications, given by the manufacturer, are presented in Chapter 2).
The selective top layer of the composite was PDMS (RTV 615 type, kindly supplied
by General Electric, The Netherlands). The silicone kit was a two-component system,
consisting of a vinyl-terminated pre-polymer with high molecular weight (RTV A) and
a cross-linker containing several hydride groups on shorter polydimethylsiloxane
chains (RTV B). The curing of the PDMS-membrane occurs via Pt-catalysed
hydrosilylation reaction to form a densely cross-linked polymer network.
The n-hexane (Merck, The Netherlands) and the sunflower oil (Fluka, The
Netherlands) were used as supplied, without further purification. The refined
sunflower oil (purchased from Fluka – The Netherlands) consisted of a mixture of
triglycerides (mostly C18 with traces of C16-C20 fatty acids), of molecular weight of
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around 900. Linoleic acid was the major component of unsaturated chains. The
polyisobutylenes (PIB), Glissopal of MW 550, 1000, 1300, and 2300 were kindly
provided by BASF - Germany and of MW 350, by Janex S.A. – Switzerland.

3.3.2. Membrane preparation

The PAN/PDMS composite membranes were prepared in a two-step coating
procedure:
1. Dip coating of the PAN support membrane in a 1 % (w/w) PDMS/hexane solution
and placing in a N2 oven at 65 °C for 4 h.
2. Dip coating of the membranes with 5 or 7 %(w/w) pre-cross-linked PDMS/hexane
solutions (the solutions were pre-cross-linked at 60°C for 3 h, under stirring). The
composites were first dried in air at 20 ± 2°C, for about 10 min and then placed in
a N2 oven at 65 °C for 4 h to complete the cross-linking.
The membrane composite is coded Mx-y, where x is the concentration of the second
coating solution (5 or 7 %w/w) and y is the MWCO value of the PAN support (30 or
50 kDa). The quality of the coating of the composite membranes was evaluated by
performing pure gas permeation measurements with N2 and CO2, using the set-up and
procedure described in [24]. The gas fluxes through the prepared membrane were
measured with a soap-bubble meter (feed pressure in the range of 1 - 2.5 bar and
permeate pressure of 1 bar). The selectivity of CO2/N2 ( α CO / N ) of the composite
2

2

membranes was calculated by:

α CO

2

/ N2

 Pg 
 l 

 CO2
=
P
 g 
 l 



Equation 6

N2

where Pg is the gas permeability. A defect-free composite membrane should have
selectivity close to the intrinsic selectivity of the PDMS membrane, α CO / N = 11.6.
2

2
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The morphology of the composite membranes was visualised by Scanning Electron
Microscopy (SEM, Microscope Jeol JSM-5600LV, at 15 kV). The samples were
broken in liquid N2 and sputtered with gold under vacuum for 300 s, at a current of
15 mA.

3.3.3. Permeation set-up and procedure

All the permeation experiments were performed in a dead-end filtration set-up
described in Chapter 2, following the protocol described there. The flux through the
membrane was calculated by the following equation:

J=

V
A× t

Equation 7

where J is the permeate flux (in lm-2h-1), V is the permeate volume (in l), A is the
membrane area (in m2), t is the permeation time (in h). The permeate volume was
calculated by dividing the collected weight (determined by an electronic balance,
Mettler PM 460 Mettler Toledo, The Netherlands) to the permeate density (measured
by a Digital Density Meter, model DMA 50). After each measurement, the system was
slowly depressurized, the permeate was collected and analyzed and then returned to
the feed reservoir. The sunflower oil or PIB concentration in the feed and the permeate
solutions was analyzed by refractive index measurements at 25 °C using a Abbe-3
refractometre, from Carl Zeiss, Germany. The sunflower oil or PIB retention was
calculated using the equation:
 c jp
R = 1 −
 c
jf



 × 100



Equation 8
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For each permeation experiment, new membrane was used and the experiment was
performed at least in triplicate. Values and error bars reported in the Tables and
Figures are based on three different membranes.

3.3.4. Swelling experiments
For the swelling experiments, free-standing thick PDMS films were used. They were
prepared from 75 %(w/w) PDMS/hexane solution at room temperature by mixing the
RTV A and RTV B components in 10:1 ratio. The membranes were cast on a Teflon
plate and the cross-linking was completed at 65 °C for 4 h in N2 atmosphere. The
thickness of the dense dry PDMS membranes was 160 ± 30µm. For the swelling
measurements, the pre-weighed dry dense PDMS membranes (Mdry) were immersed in
pure hexane or sunflower oil/hexane, PIB/hexane solutions. At different time intervals,
the swollen samples were removed from the solution, the liquid excess was wiped and
they were weighed again (Mwet). This process was continued until no further weight
increase of the membrane was observed (equilibrium swelling). Each weighing was
completed in 30 s to minimize evaporation of hexane from the samples. The swelling
degree (SD) of the dense PDMS membrane was calculated by:

SD (%) = (

M wet − M dry
M dry

) × 100

Equation 9

In the end of the swelling experiments, the samples were removed from the liquid
solutions and dried. From the difference between the initial and final dry weight, the
concentration of the solute (oil or PIB) in the membrane was measured and the solute
partition coefficient Kj was calculated by:

Kj =

c j ,membrane
c j, f

Equation 10
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3.4. Results and discussion
3.4.1. Characterization of the PAN/PDMS composite membranes
For the M5-30 and M5-50 composite membranes, the gas selectivity, α CO

2

/ N2

, is found

to be 8.8 ± 2.5 and 6.5 ± 2.5, respectively. These values are much lower than the
PDMS intrinsic selectivity ( α CO / N = 11.6), indicating that probably, due to the low
2

2

viscosity of the 5%(w/w) PDMS solution, the coating layer has defects (see Chapter
2). This effect seems to be more pronounced for the PAN with the higher MWCO of
50 kDa. However, for the composite membranes prepared with 7%(w/w)
PDMS/hexane coating solution, the quality of the top-layer is better. Their gas
selectivity, α CO / N , is found to be 9.5 ± 2.0 and independent of the MWCO of the
2

2

PAN support. From the gas permeation experiments and following the procedure
described in [24], the effective thickness of the selective layer is found to be in the
range 1.7 - 2.2 µm. From the SEM pictures, a PDMS dense layer of approximately
1 µm is observed on top of the PAN support (see a typical example for the M7-30
membrane in Figure 1).

Figure 1: SEM picture of the cross section of the M7-30, PAN/PDMS composite
membrane.
In between the support and the dense top layer exists an intermediate layer where the
PDMS seems to penetrate into the pores of the support. This pore intrusion might have
a positive role. It perhaps provides better anchoring of the selective layer to the
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support, preventing delamination even when the PDMS is highly swollen (see later
permeation results). Based on the results of the gas permeation experiments, the M7-30
and M7-50 were selected for further permeation measurements.

3.4.2. Swelling measurements
Figure 2 presents typical results of the swelling experiments of dense PDMS
membranes in various sunflower oil/hexane and PIB/hexane solutions.
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Figure 2: Typical results of the effect of the solution concentration upon the swelling
degree of PDMS dense membranes, for various solute/hexane systems.
The swelling of PDMS in pure hexane is high, as should be expected from their
comparable solubility parameters (see Table 1).
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Table 1: Solubility parameters, δ, and molar volumes, υ, of PDMS, hexane, sunflower
oil, and PIB.

PDMS

n-Hexane

Oil

PIB

δ (MPa1/2)

14.9-15.6a

14.9 a

16.0 b

15.9 - 16.7 a

υ (cm3/mol)

-

132

980

407-2556c

a

Data from [25]

b

Calculated with group contribution, considering trilinoleiate as main component of
the oil [26]

c

Molar volume: molecular weight/density; data from Janex S. A. - Switzerland and
BASF- Germany.

However, despite the similar solubility parameters of PDMS and sunflower oil (14.915.6 MPa1/2 and 16 MPa1/2, respectively [25, 26]), the membrane swelling decreases
with the increase of oil or PIB concentration and becomes very low (SD = 5%) for 100
(w/w) oil.
According to the Flory - Huggins solution theory, the equilibrium volume fraction of
the penetrant, φ pen. , can be related to the activity of the penetrant, a pen. , by the
following expression [27]:

ln a pen. = ln φ pen. + (1 − φ pen. )(1 −

υ pen
) + χ (1 − φ pen ) 2
υ PDMS

Equation 11

where χ is the PDMS - penetrant interaction parameter. The ratio of penetrant to
PDMS molar volumes (υpen / υPDMS) is assumed negligible. From the results of the
swelling experiments for pure hexane and oil ( a pen. =1) and by using Equation 11
assuming volume additivity upon mixing, the interaction parameters between PDMShexane and PDMS-oil are found to be χPDMS-hexane = 0.58 ± 0.03 and χPDMSoil =

2.11 ± 0.02, respectively. The χ value of 2.11 (0.58) for the PDMS-oil (PDMS-

hexane) system is high (low) showing small (high) interaction between them. This
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indicates that the sorption of hexane in PDMS is thermodynamically more favorable
than of oil in PDMS. The interaction parameter is expected to obey the relation [28]:

χ = χS + χH = χS + [υpen(δpen − δPDMS)2/RT]

Equation 12

where χS ,χH are the entropic and the enthalpic contributions to χ , respectively and

δpen , δPDMS are the solubility parameters of penetrant and PDMS, respectively. From
Equation 12, using the results of χPDMS-hexane = 0.59 and χPDMS-oil = 2.11 in conjunction
with the values of δPDMS= 15.2 MPa1/2 [25], δhexane= 14.9 MPa1/2 [25], δoil = 16 MPa1/2
[26] and υhexane = 132 cm3/mol, υoil = 980 cm3/mol (see Table 2), the entropic
contribution χS is derived at 20°C (293°K): χS(PDMS-hexane) = 0.55 and χS(PDMSoil) = 1.85. The value calculated for the PDMS-hexane is rather close to the value of
0.45 suggested for PDMS [28]. The value for the PDMS-oil however, is high. It is
important to note that the χ parameter gives a qualitative estimation of the interactions
between the polymer and the penetrant. The Equations 11, 12 can generally describe
quite well the sorption of good solvents (like hexane) in PDMS using χ as adjustable
parameter. For poor solvents (like oil or PIB), they lead to large discrepancies
suggesting the need for more sophisticated expressions.
In the concentration range 0 – 30 %(w/w), the swelling degree of the dense membrane
does not change significantly with molecular weight of the solute (Figure 2). In this
range, the solute size might not be of importance. Even though the used solutes are
relatively large molecules, they might be small in comparison with the mesh size of the
silicone network formed by the high swelling in hexane.

Table 2 presents the concentration of oil and PIB in the swollen dense PDMS
membranes and the partition coefficients calculated by Equation 10.
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Table 2: Concentration inside the membrane and solute partition coefficient for the

dense PDMS membrane (22 °C).

Solute

Solute MW

Feed concentration

cmembrane

Ksolute

(gmol-1)

% (w/w)

(% (w/w))

(-)

8

4.7 ± 0.3

0.59

19

8.1 ± 0.6

0.43

30

12.4 ± 1.3

0.41

Oil

900

PIB

350

8

7.0 ± 0.9

0.88

PIB

550

8

5.6 ± 0.9

0.70

PIB

1000

8

4.4 ± 0.7

0.55

PIB

1300

8

4.2 ± 0.7

0.53

19

7.7 ± 0.4

0.40

8

3.9 ± 0.6

0.49

19

6.4 ± 0.6

0.34

PIB

2300

The partition coefficients of the oil and PIB are in the range of 0.34 - 0.88. For the
same PIB concentration, the partition of PIB decreases as its MW increases.
In the end of the swelling experiments, when the swollen PDMS samples are rinsed
with hexane and dried in the vacuum oven, the weight of the membrane does not differ
from its initial dry weight. In addition, for membranes kept for 45 days in pure hexane,
the gas selectivity, α CO / N , is the same as for the freshly prepared membranes
2

2

(9.5 ± 2.0). Both results prove the stability of the dense PDMS membrane under the
studied conditions.

3.4.3. Permeation performance

The filtration performance of the M7-30 and M7-50 composite membranes in
oil/hexane and PIB/hexane solutions of concentration between 0 - 30 %(w/w) is
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systematically investigated, including the effects of stirring rate, the influence of feed
concentration and solute MW, and the effect of the trans-membrane pressure.

Figure 3 shows the effect of the stirring rate on the permeate flux and oil retention, for
the 8 %(w/w) oil/hexane solution.
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Figure 3: Effect of the stirring speed upon total permeate flux and retention of

8%(w/w) oil/hexane solution, at ∆p = 7 bar and 24 ± 3°C.
In both cases, no significant changes are observed for stirring rate up to 700 rpm.
Similar behavior is found at higher oil/hexane and PIB/hexane concentrations (up to
30 %(w/w)). This might indicate the absence of concentration polarization under the
studied conditions or that the mass transfer sub-layer, where the concentration
polarization takes place is much smaller that the flow sub-layer so the stirring applied
does not influence the concentration polarization. Stirring rates higher than 700 rpm
were not applied in order to avoid the vortex described in the Appendix I of Chapter 2.

Figure 4 presents the effect of the operating pressure on the hexane flux for various
oil/hexane concentrations.
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Figure 4: Hexane flux as a function of transmembrane pressure for various oil/hexane

feed concentrations.
In all cases, the linearity of flux with the applied pressure indicates that no compaction
of the membrane occurs over the applied pressure range. The transport through the
membrane can be described by the Equation 3b. From the slope of the plot of Jhexane
versus ∆p, the hexane permeability coefficient, P, can be calculated. For the pure
hexane, it is found to be 3.1 ± 0.4 lm-2h-1bar-1. For comparison, hexane permeabilities
reported by others are: 3 - 4.9 lm-2h-1bar-1 for the Pebax composite membranes [3],
1.6 lm-2h-1bar-1 for the D membrane from Osmonics [5] and 1.52 lm-2h-1bar-1 for the
MPF-50 membrane [13]. Figure 4 allows the quantification of the x-intercepts (at
Jhexane = 0) for each oil/hexane concentration which can be compared with the osmotic
pressures, ∆π, calculated using the van’t Hoff equation:

∆π =

R g T∆c
MW

Equation 13
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∆c is the solute concentration difference across the membrane (in g/l) and MW is the
solute molecular weight. The van’t Hoff equation is applicable in our system due to the
relative low feed concentrations (0.05-0.21 mol/l). The calculated values of osmotic
pressure are in good agreement, within experimental error, with those obtained from xintercepts (Table 3).

Table 3: Comparison between the ∆π calculated by Equation 13 and the x-intercepts

of the plots of hexane flux vs ∆p for various oil/hexane concentrations (see Figure 6).
Oil conc.

∆πcalculated

x-intercept

(%(w/w))

(bar)

(bar)

0

0

0

8

1.2 ± 0.1

1

19

2.7 ± 0.2

2.8

30

4.7 ± 0.3

4.3

Similar behaviour is found when using PIB/hexane solutions.

Figure 5 shows the effect of operating pressure on the flux for the 19 %(w/w)
PIB/hexane system of various MW, in comparison to the data for oil/hexane mixture.
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Figure 5: Hexane flux as a function of transmembrane pressure for various

solute/hexane systems. Feed concentration: 19 % (w/w).
The x-intercepts are again in very good agreement, within experimental error, with
those of ∆π from Equation 13 (x-intercept/calculated ∆π value: PIB 2300, 0.9 bar/1.2
bar, PIB 1300, 2.1/2.2). In addition, the osmotic pressure difference across the
membrane decreases when the MW of the solute increases (see Figure 5), as expected
from Equation 13. The transport characteristics of the investigated systems seem to
have great similarities with aqueous systems. Raman et al. [13, 20] have observed
osmotic phenomena for oleic acid/methanol using Desal-5 and NTR-759 membranes
(concentration range: 0.1 - 0.4 mol/l, ∆p up to 25 bar). Figure 4 and 5 are convincing
examples that the organic solvent / solute system, described above behave as ideal
systems (comparable to aqueous systems).
The hexane permeability coefficient for each oil/hexane concentration (calculated from
the slopes of the graphs in Figure 4) decreases with the increase of oil concentration
(see Table 4).
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Table 4: Parameters concerning the transport of oil/hexane solutions through the

PAN/PDMS composite membranes.

a

Oil conc.,

Phexane

ηapparenta

(%(w/w))

(lm-2h-1bar-1)

(cSt)

(-)

(l cSt m-2h-1bar-1)

0

3.1 ± 0.4

0.48 ± 0.02

2.0 ± 0.1

0.7 ± 0.1

8

2.4 ± 0.3

0.57 ± 0.01

1.7 ± 0.1

0.8 ± 0.1

19

1.8 ± 0.4

0.63 ± 0.01

1.5 ± 0.1

0.8 ± 0.1

30

1.1 ± 0.3

0.72 ± 0.01

1.2 ± 0.1

0.7 ± 0.1

SD/100

Pη100/SD

Kinematic viscosity measured at 24 ± 3°C (with Ubbelohde viscometer, from
Tamson, The Netherlands).

Similar behavior has also been reported for other systems [17-20]. To identify the
parameters affecting the hexane permeability, we normalize it for the viscosity and the
swelling degree of the membrane. For the normalization, the value of an apparent
viscosity inside the membrane is used. This is estimated from the concentration of
solute (oil or PIB) in a hypothetical solvent/solute phase inside the membrane for the
dense PDMS membranes (Table 2) and the plots of viscosity versus oil/hexane and
PIB/hexane concentration at 24 ± 3°C (see Table 5).
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Table 5: Characteristics of the linear plots of viscosity versus solution concentration

[y = (slope) x + (intercept)] for various solute/hexane systems.
R2

Solute MW

Slope

Intercept

(gmol-1)

(cSt)/% (w/w)

(cSt)

Oil

900

0.0178

0.49

0.99

PIB

350

0.0084

0.49

0.98

PIB

550

0.0131

0.49

0.98

PIB

1000

0.0207

0.48

0.98

PIB

1300

0.0275

0.48

0.98

PIB

2300

0.0355

0.47

0.98

Solute

For the swelling degree, the results of Figure 2 concerning the dense PDMS
membranes are used. For the various oil/hexane concentrations, the normalized P
values do not differ significantly (Table 4). It seems that the apparent viscosity inside
the membrane and the swelling of the membrane (due to the interaction of
PDMS/hexane/solute) are the most critical factors affecting the hexane permeability. A
constant value of Pη / SD (within the experimental error) is also found when
comparing the results of PIB / hexane systems using PIB of various MW at various
feed concentrations (see Table 6).
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Table 6: Parameters concerning the transport of PIB / hexane solutions through the

PAN/PDMS composite membranes. Experimental conditions: ∆p = 7 bar at 24 ± 3°C.
Solute

ηapparenta

Phexane,
-2 -1

-1

SD/100

Pη100 / SD

(% (w /w))

(cSt)

(lm h bar )

(-)

(l cSt m-2h-1bar-1)

PIB, MW 350

8

0.55 ± 0.06

2.9 ± 0.3

1.8 ± 0.1

0.9 ± 0.2

PIB, MW 550

8

0.56 ± 0.06

2.7 ± 0.3

1.7 ± 0.1

0.9 ± 0.2

PIB, MW 1000

8

0.57 ± 0.06

2.6 ± 0.2

1.6 ± 0.1

0.9 ± 0.2

PIB, MW 1300

8

0.59 ± 0.07

2.7 ± 0.2

1.6 ± 0.1

1.0 ± 0.2

19

0.69 ± 0.01

1.5 ± 0.3

1.4 ± 0.1

0.7 ± 0.2

8

0.61 ± 0.08

2.7 ± 0.2

1.7 ± 0.1

1.0 ± 0.2

19

0.70 ± 0.01

1.6 ± 0.3

1.4 ± 0.1

0.8 ± 0.2

PIB, MW 2300

a

Concentration

Kinematic viscosity measured at 24 ±3°C (with Ubbelohde viscometer, from
Tamson, The Netherlands).

The effects of viscosity and solute-solvent-membrane interaction have been observed
in other systems too [7, 8, 11, 13, 18, 29, 30]. Machado et al. [7], in the study of
transport of various solvents through MPF-50 and MPF-60 (silicone type) membranes,
found that viscosity and surface tension were major parameters influencing the flux.
Scarpello et al. [11] noted that the physico-chemical interactions between solutesolvent and membrane have an important role in the transport of catalysts in
tetrahydrofuran/ethyl acetate through STARMEM membranes. Raman et al. [13], in
the separation of vegetable oils from hexane using various commercial or prototype
membranes, reported that due to the high membrane retention, the flux through the
membranes decreased due to increase of feed viscosity and the presence of osmotic
phenomena. Yang et al. [29] has performed a comprehensive comparison of methanol
fluxes through MPF-44, MPF-50 and MPF-60 membranes and concluded that the
transport mechanism could not be based solely on viscous flow but also on the
interaction between membrane and solvent. Han et al. [30], observed that solutemembrane interaction made a major contribution to the mass transport of hydrophobic
compounds, such as toluene through the MPF-50 membrane, suggesting solution

74

diffusion type mechanism. The effect of swelling on the permeability coefficient is
apparent in Equation 3a, where the membrane thickness is included. The correction for
the “apparent viscosity” is less obvious. In the framework of a solution-diffusion
model, we interpret this actually as a measure for the Stokes-Einstein diffusion
coefficient.
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Figure 6: Effect of the transmembrane pressure upon (a) oil flux, Joil and (b) oil
permeability coefficient, B, for various oil/hexane concentrations.
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Figure 6a depicts the effects of transmembrane pressure on the oil flux at various feed
concentrations. Interestingly, the oil flux, Joil, increases with ∆p showing that part of
the oil transport is related to chemical potential acting on hexane. Apparently, the large
hexane flow drags the solute through the swollen network. For 8 % (w/w) oil / hexane
−υ j ( p f − pp )
] },
solution, the oil permeability, B = DoilKoil / l = Joil / { [c jf − c jp exp(
Rg T
increases significantly with pressure while at higher oil concentrations, the effect is
less significant (Figure 6b). Probably, at high oil concentrations where the swelling of
the membrane is lower and the “apparent” viscosity inside the membrane is higher (see

Table 4), the dragging effect on the oil transport is restricted. Figure 7 shows the effect
of the MW of the solute on the solute dragging: for the same solute / hexane solution
concentration of 8 %(w/w), the solute flux increases when the MW of the solute
decreases.
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PIB 1300
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Figure 7: Solute flux as a function of the hexane flux for solutes of various MW. Feed

concentration: 8 % (w/w).
Similar behavior is observed at higher solute concentrations, too. In these cases
however, the effect of coupling is smaller due to the increase of apparent viscosity and
the decrease of the membrane’s swelling (results not shown here). Subramanian et al.
[14], studied the transport of oleic acid and triglycerides mixtures through silicone type
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composite membranes (NTGS-2200, NittoDenko-Japan). The preferential permeation
of oleic acid over triglycerides through the membrane was mainly attributed to the
synergistic effect of preferential sorption and concentration dependent solubility as
well as diffusivity (according to the solution diffusion model). However, when the
operating pressure was increased at constant temperature, the total flux and the relative
permeation rates of triglycerides as well as oleic acid increased, showing the
significant role of dragging in the transport, in addition to the solution-diffusion.

3.4.4. Retention performance

Figure 8 presents the oil retention as a function of the permeate flux for various
sunflower oil / hexane concentrations, in the pressure range of 1 – 7 bar.
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Figure 8: Oil retention by the PAN/PDMS composite membrane as a function of total

permeate flux, for various oil/hexane concentrations.
In all cases, the retention increases with permeate flux. As it is shown in Figures 4 and
6a, when the pressure increases, the increase of hexane flux is much higher than the
relative increase of oil flux leading to increase of retention, at high pressure. At low
fluxes, the membrane retention is lower for high oil concentrations probably due to the
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decrease of the hexane transport at high oil concentration due to the osmotic
phenomena (Figure 4). At higher operating pressures, however, when the inherent
osmotic pressures are overcome, the hexane flux increases and higher retention is
observed.

Figure 9 presents a typical result of the retention of the M7-30 composite membrane
for 8 % (w/w) PIB/hexane solutions for transmembrane pressure of 7 bar.
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Figure 9: PIB retention by the PAN/PDMS composite membrane as a function of the

molecular weight of PIB. Feed concentration: 8 % (w/w), ∆p = 7 bar at 24 ± 3°C.
The membrane retention increases with the increase of the MW of PIB. We think that
the major contribution to retention is due to differences in the diffusion coefficients.
The results of Figure 9 allow us to estimate a MWCO for the M7-30 composite
membrane (defined as the MW of the solute that is rejected for 90% by the membrane)
of around 1200 - 1250 Da. However, this MWCO is not applicable to all solutions. It is
rather a nominal MWCO and will probably change when using other experimental
conditions (feed concentration, operating pressure and / or temperature, application of
mixtures of PIB) or when moving to other solvents.
Hence, we conclude that the retention of the membranes is given by the ratio of
partition coefficients as well as the ratio of diffusion coefficients, the later one being
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dominant in the systems studied. Although hexane-induced dragging increases the
solute flux, the strong effect of pressure on the chemical potential raises the hexane
flux stronger than the dragging raises the solute flux.

3.5. Conclusions
In this work, a tailor-made PAN/PDMS composite membrane is reproducibly prepared
and used for the separation of oil/hexane and PIB/hexane solutions. Our main findings
are:
• Both the flux and solute (oil or PIB) retention depend on the applied
transmembrane pressure and feed concentration. Increased pressure is
beneficial in terms of flux and retention. No membrane compaction occurs
in pressure range of 1-7 bar.
• Osmotic phenomena similar to those reported in aqueous systems are
observed and can be interpreted using the van’t Hoff equation.
• The flux of hexane can be normalized by an “apparent viscosity” and the
membrane swelling. If we assume the solution-diffusion model to hold for
this system, then we can interpret the solvent viscosity as a measure for the
diffusion coefficient of the hexane inside the silicone network and the
swelling as a measure for the solubility. However, the solution-diffusion
model can not explain the solute-solvent coupling that is found
experimentally. The flux of the solute (oil or PIB) increases linearly with the
applied pressure showing the existence of flux coupling and solvent-induced
solute dragging. The phenomenon is more significant at low solute/hexane
concentrations (where the membrane swells more) and for solutes of low
MW (where the viscosity is lower). However, the increase of hexane flux
with the applied pressure is much higher than the respective increase of
solute flux causing an increase of the membrane retention at higher
pressures.
In Chapter 4 and 7, membranes with selective PDMS top layer of various cross-linking
densities and/or more hydrophilic nature will be prepared and investigated. It remains
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open whether the osmotic phenomena and the other critical parameters identified in
this work (viscosity and membrane swelling) affect the solvent permeability for these
systems, too.

3.6. List of symbols
A

Membrane area (m2)

apen.

Activity of penetrant

B

Solute permeability coefficient (m/h)

ci , j

Concentration of species i, j (% w/w)

cp

Concentration in the permeate side (% w/w)

cf

Concentration in the feed side (% w/w)

d50

Mean pore size (nm)

Ji, j

Flux of species i, j through membrane (lm-2h-1)

l

Membrane thickness (m)

MW

Molecular weight of the solute

pp

Pressure in the permeate side (bar or MPa)

pf

Pressure in the feed side (bar or MPa)

P

Solvent permeability through the membrane (lm-2h-1bar-1)

Pg

Gas permeability through the membrane (cm3cm-2s-1cmHg-1)

R

Membrane retention

Rg

Gas constant (Joule mol-1K-1)

t

Time (h)

T

Temperature (K)

V
α CO

Permeate volume (l)
Gas selectivity of membrane for CO2 over N2

2

/ N2

Greek symbols

φ pen.

Penetrant volume fraction

χ

Interaction parameter

δ

Solubility parameter (MPa1/2)
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∆p
∆π
η
υ

Transmembrane pressure equal to pf - pp (bar)
Osmotic pressure difference across the membrane (bar)
Viscosity (cSt)
Molar volume (cm3/mol)
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4
Effect of cross-linking degree of PDMS on the permeation
performance of PAN/PDMS composite membranes

Abstract
This chapter focuses on the effect of poly(dimethyl siloxane) (PDMS) cross-linking
degree on the permeation performance of the poly(acrylonitrile) (PAN)/PDMS
nanofiltration (NF) composite membrane. PDMS membrane of various cross-linking
degrees could be obtained by changing the ratio of a vinyl-terminated pre-polymer over a
hydride cross-linker, 10/0.7, 10/1 and 10/2, corresponding to a cross-linker amount of
6.5, 9.1, and 16.7 % w/w, respectively. The swelling of the dense, free-standing PDMS
membranes in hexane and polyisobutylene (PIB)/hexane solutions decreases with
increasing the amount of cross-linker. The partition coefficient of PIB in the PDMS
membrane decreases from 0.95 to 0.39, depending on the cross-linker content of silicone
network and on the molecular weight of PIB.
The hexane permeability (Phexane) through the PAN/PDMS prepared at pre-polymer/crosslinker ratio of 10/0.7 is higher than at pre-polymer/cross-linking ratio of 10/1 (4.5 and
3.1 lm-2h-1bar, respectively), due to the higher membrane swelling. The Phexane through the
PAN/PDMS prepared at pre-polymer/cross-linker ratio of 10/2 is higher than through the
composite membrane prepared at 10/1 pre-polymer/cross-linking ratio (4.1 and 3.1 lm-2h1

bar). This result is not consistent with the swelling findings of the dense, freestanding

PDMS membranes. This might be due to less pore intrusion of PDMS for the composite
membrane prepared at pre-polymer/cross-linker ratios of 10/2 compared to 10/1 and/or
due to the heterogeneous quality of the silicone network. However, the composite
membranes prepared at various pre-polymer/cross-linker ratios have similar oil and/or
PIB retention, indicating that PAN/PDMS prepared at pre-polymer/cross-linker ratios of
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10/0.7 and 10/2 might be attractive for a practical application due to the higher hexane
flux.
The “apparent” viscosity inside the membrane and the membrane swelling are the most
critical factors affecting the hexane permeability through the PAN/PDMS of various
cross-linking degrees. The cross-linking degree of PDMS has, however, no effect on the
MWCO of the membrane probably due to the high swelling of the silicone network.
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4.1. Introduction
In Chapter 2 and 3, we have described the preparation and characterization of the
PAN/PDMS composite membranes that exhibit nanofiltration separation
characteristics for oil and polyisobutylene (PIB)/hexane solutions. The mass
transport of organic molecules through the dense NF membranes is based on the
solubility and diffusivity of the penetrants into the PDMS network [1-4]. The
solubility and diffusivity of the organic penetrants may be influenced by the
structure of the PDMS network. By introducing extra cross-links in the PDMS
network, the membrane swelling may be restricted and the diffusivity of the
penetrant through the PDMS would decrease. Several studies [1, 2, 5-8] used the
PDMS-based NF membranes in various non-aqueous media due to the high
affinity of PDMS for non-polar organic solvents. However, no information about
the cross-linking density of PDMS in these membranes was given. Bhanushali et
al. [5] indicated already that cross-linking degree of the silicone network may be a
very important parameter determining the permeation characteristics of the NF
membranes. However, no systematical study has been undertaken concerning the
influence of the PDMS cross-linking degree on the transport properties of siliconebased NF membrane, mainly because the studied membranes are commercial and
the exact nature of their selective layer has not been fully revealed. In Chapter 2,
we compared the hexane permeability through two dense, gas selective PDMSbased composite membranes (GKSS membranes and our PAN/PDMS tailor-made
composites). The results indicate that the cross-linking of the silicone network
might be different for these membranes. Concerning gas and vapor transport
through dense silicone membranes, Hagg et al. [9] reported a significant effect of
the PDMS cross-linking degree on the permeability of Cl2, O2, and N2 while
Nguyen et al. [10] studied the significance of the cross-linking degree on the
pervaporation of water-ethyl acetate mixtures through the dense PDMS
membranes.
In Chapter 2 and 3 we used PAN/PDMS membranes prepared at prepolymer/cross-linker ratio of 10/1 w/w, which is the recommended ratio by the
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supplier (General Electric, The Netherlands). It may correspond to the
stoichiometry of the reaction between the pre-polymer of vinyl-type and the crosslinker of hydrosilane-type (information give by the supplier). However, when the
pre-polymer/cross-linker ratio varies, the PDMS swelling is expected to change
considerably [11-13]. This may improve the performance of the PAN/PDMS
composite membranes, in particular their flux. Therefore, 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, respectively) on the
membrane swelling and PIB/hexane solution permeation through PAN/PDMS
composite membranes. For the PAN/PDMS prepared at pre-polymer/cross-linker
ratio of 10/1, we reported in Chapter 3 that the “apparent viscosity” inside the
membrane and the swelling of the membrane (due to the interaction of
PDMS/hexane/solute) are the most critical factors affecting the hexane
permeability. It would be interesting to see if similar conclusion can be drawn for
the hexane transport through the PDMS membranes prepared at prepolymer/cross-linker ratios of 10/0.7 and 10/2.

4.2. Theoretical background
The hydrosilylation (addition) 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 – see Figure 1 [14, 15].
In the ideal case, the SiH may react only with the –CH=CH2 groups along the prepolymer chains, allowing a good control over the cross-links distribution. The
stoichiometric ratio of the PDMS system is defined as the ratio of hydrosilane to
vinyl groups, being 1/1. For the ideal case, the molecular weight and molecular
weight distribution of chains in the network are those of the pre-polymer chains
prior to their end linking into the network structure [14, 15]. In practice, the
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formed network may deviate from the ideality due to the steric hindrance or the
un-balanced stoichiometry of the curing reaction.
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Figure 1: Scheme of the cross-linking reaction for the silicone network formation.
Few experimental studies on the effect of the pre-polymer/cross-linker ratio upon
some physical properties of the PDMS as well as the gas/vapour transport are
available in literature [9, 10, 16-19]. Simpson et al. [16] reported that an excess of
the cross-linker (from the stoichiometric amount) slowed down the curing rate for
the PDMS films of various thicknesses. The excess of tetrafunctional cross-linker
(tetrakis(dimethylsiloxy) silane) was reported to improve the adhesion of the
silicone to the fluorinated glass 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 side reaction, balanced stoichiometry led to the PDMS
network with a high elasticity. Shefer et al. [19] studied the changes in the glass
transition temperature (Tg) of PDMS as a result of various cross-linking degree,
indicating that the highest Tg is at the stoichiometrical ratio of the silicone
network. Hagg et al. [9] measured the permeability of Cl2, O2, and N2 through the
“standard”, stoichiometrically cross-linked PDMS and the γ-radiated PDMS
composite membranes (with a higher degree of cross-linking than the “standard”
PDMS), at pressure range of 1-3 bar. The membranes showed a decrease in gas
permeability and a slight increase in gas selectivity with the increase of PDMS
cross-linking degree. For example, at 25 °C, the N2 permeability for “standard”
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PDMS samples was reported to be 0.8 × 10-6 (m3(STP)m)/(m2hbar), while for γradiated samples 0.2 × 10-6 (m3(STP)m)/(m2hbar) was found. Nguyen et al. [10]
performed pervaporation of water-ethyl acetate mixtures through PDMS crosslinked membranes in different conditions (pre-polymer/cross-linker ratios and
temperatures). They observed a decrease of both water and ester permeation
fluxes, attributed to the decrease in the sorption of the components in the PDMS
membrane.
Non-porous, gel membranes are swollen polymeric networks with “pores” of
molecular size, usually between 20 and 100 Å [20, 21]. In fact, the term “pore”
might be misleading, and, as de Gennes pointed out [22], a more appropriate term
would be “macromolecular mesh”. Non-porous, gel membranes include most
types of hydrogels such as water-swollen networks of poly(vinylalcohol) and
related polymers, as well as other hydrophobic polymers swollen in the
appropriate organic solvents (as PDMS in hexane).
The investigation of swelling equilibrium can help to elucidate the structure of the
PDMS network. According to the Flory-Huggins solution theory (applicable for
the good solvents in PDMS [9, 23]), the equilibrium volume fraction of the
penetrant, φpen., can be related to the activity of the penetrant, apen., by the
following expression:

ln a pen. = ln φ pen. + (1 − φ pen. )(1 −

υ pen.
) + χ (1 − φ pen. ) 2
υ PDMS

Equation 1

where χ is the PDMS - penetrant interaction parameter. The ratio of penetrant to
PDMS molar volumes (υpen /υPDMS) is assumed negligible. For the pure liquid, the

χ parameter of PDMS prepared at each pre-polymer/cross-linker ratio is calculated
by setting ln apen. = 0. In order to gain further insight into the swelling process in
relation to the morphological characteristics of the network, the PDMS volume
fraction in the swollen state, φPDMS, is estimated by using the equation [12]:
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φ PDMS =

wPDMS / ρ PDMS
(1 − wPDMS ) / ρ hexane + wPDMS / ρ PDMS

Equation 2

where wPDMS is the weight fraction of the polymer at the swelling equilibrium and

ρPDMS and ρhexane is the density of the PDMS and hexane, respectively. The
polymer volume fraction is calculated assuming the polymer-solvent volume
additivity.
The Flory-Rehner equation [23] however takes into account the effect of crosslinking degree on the elastic forces contribution and may be used for the systems
involving the same polymer at various cross-linking degree [12]:

υ

ln a pen. = ln (1 − φ PDMS ) + φ PDMS 1 − pen.
 υ PDMS
υ pen. ρ PDMS 
Mc


2
 + χφ PDMS
+


M  1 / 2
1

1 − 2 c*  φ PDMS − φ PDMS 
M 
2



Equation 3

where Mc is the molecular weight between cross-links and M* is the average
molecular weight of the initial pre-polymer, before cross-linking.
The solution-diffusion model [24, 25] has already been used to describe the mass
transport through the swollen PDMS membrane in Chapters 2 and 3. We will
briefly remind the main equations. The flux of the pure solvent i can be calculated
by:

J i = Pi (∆p − ∆π )

where P is a constant equal to the term

Equation 4
Di K i cif υ i
lRg T

and is called the solvent

permeability, where Di is the diffusion coefficient of i through the membrane, Ki is
the sorption coefficient, l is the membrane thickness, cif, cip is the feed and
permeate concentrations of species i, respectively, υi is the partial molar volume of
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species i, ∆p and ∆π is the difference in applied and osmotic pressure across the
membrane, respectively, Rg is the gas constant and T is the temperature,
respectively. Similarly, the flux of the solute j is:

Jj =

 − υ j ( p f − p p ) 
Dj K j 

c jf − c jp exp

l 
RgT



Equation 5

Equation 4 indicates a linear increase in solvent flux with increasing
transmembrane pressure difference, whereas Equation 5 indicates that the solute
flux is less affected by the pressure difference. This leads in general to an
increasing solute retention with increasing solvent flux. The primary assumption
made in the model is that the flux of the solute and solvent are independent.

4.3. Experimental
4.3.1. Materials
The PAN support membranes with molecular weight cut-off (MWCO) of 30 kDa
were provided by GKSS - Germany. The selective top layer of the composite was
PDMS (RTV 615 type, kindly supplied by General Electric, The Netherlands).
The silicone kit was a two-component system, consisting of a vinyl-terminated
pre-polymer (RTV A) and a cross-linker containing several hydrosilane groups
(RTV B). The curing of the PDMS-membrane occurs via Pt-catalysed
hydrosilylation reaction to form a densely cross-linked polymer network.
The polyisobutylenes (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 ).
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Table 1: Specifications of the PIB used in this work.
a
MWPIB

Producer

(gmol-1)

Polydispersityb
(-)

350

Janex

1.8

550

BASF

2.1

1000

BASF

2.9

1300

BASF

3.6

2300

BASF

1.8

a

Given by the producer

b

Defined as the ratio of Mw to Mn, determined by GPC.

The n-hexane (Merck, The Netherlands) and the PIB were used as supplied,
without further purification.

4.3.2. Membrane preparation and characterization
The free-standing, thick PDMS films were prepared from 75 %(w/w)
PDMS/hexane solution at room temperature by mixing the pre-polymer and crosslinker at 10/0.7, 10/1, 10/2 w/w ratios.
The PAN/PDMS tailor-made composite membranes were prepared in a two-step
coating procedure, as described in Chapter 2.
The density of the dense PDMS films was measured with a pycnometer
(Micrometrics Accupyc 1330). The elastic modulus of the dense PDMS films was
determined by performing tensile testing on a Zwiek Z020 (Germany) machine. In
order to obtain the stress-strain diagrams, the uniaxial deformation of the sample
(dumb-bell test piece, according to ISO37, type 2) was measured under 10 N
loading. The molecular weight between cross-links (Mc) was calculated [26, 27]
by:
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Mc =

3ρ PDMS RgT
Em

Equation 6

where Em is the elastic modulus.
Pure gas permeation measurements with N2 and CO2 were performed, using the
set-up and procedure described in Chapter 2. No significant differences in gas
permeability through the composites as a function of cross-linking degree were
found. For the PAN/PDMS composite membranes, the gas selectivity, α CO / N was
2

2

found to be 9.8 ± 1.4, independent on the cross-linking degree. These values are
close to the PDMS intrinsic selectivity, indicating the good quality of the PDMS
top-layer.
For the swelling measurements, the pre-weighed dry dense PDMS membranes
(Mdry) were immersed in pure hexane or PIB/hexane solutions until the equilibrium
swelling was reached, Mwet. Swelling degree (SD) of the dense PDMS membrane
was calculated by:

SD (%) = (

M wet − M dry
M dry

) × 100

Equation 7

For PIB/hexane solutions, at the end of the swelling experiments, 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
( c PIB,membrane , % w/w) was measured and the PIB partition coefficient KPIB was
calculated by:

K PIB =

c PIB ,membrane
c PIB , f

Equation 8

where cPIB, f is the PIB concentration in the immersed solution, % w/w.
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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 the infrared beam ranged from 0.5 µm at 3000 cm-1 to 2 µm at
700 cm-1 for the ZnSe crystal with a 90° angle of incidence for PDMS network
analysis. Gel permeation chromatography (GPC) was used to determine the
molecular weight of the pre-polymer and cross-linker. The GPC analysis for the
PDMS components (pre-polymer and cross-linker) as supplied by General Electric
was performed by Waters 515 GPC instrument, using tetrahydrofuran as solvent.
1

H NMR spectroscopy was used to determine the structure of the pre-polymer and

cross-linker (Bruker AC 250 spectrometer, 400 MHz, using deuterated
chloroform). The morphology of the composite membranes was visualized by
Scanning Electron Microscopy (SEM, Microscope Jeol JSM-5600LV, at 15 kV).
All the liquid permeation experiments through the composite membranes were
performed at room temperature (24 ± 3 °C), with the set-up and the experimental
protocol described in Chapter 2. Helium gas was used to apply pressures in the
range of 1-7 bar. 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 (cPIB,f, % w/w) and the permeate (cPIB,p, % w/w) solutions
was analyzed by refractive index measurements at 25 °C using a Abbe-3
refractometer, from Carl Zeiss, Germany. The PIB retention was calculated using
the equation:


 c
R = 1 − PIB , p  × 100
 c

PIB , f 


Equation 9

Values and error bars reported in the tables and figures are based on three different
membranes samples.

95

4.4. Results and discussion
4.4.1. Pre-polymer and cross-linker characterization

Figure 2 presents a typical result of the GPC analysis for the pre-polymer and
cross-linker, as received from the supplier.
pre-polymer
cross-linker
22

67000gmol

Detector response

20

60000gmol

18

-1

4000gmol

-1

1500gmol

-1

490gmol

-1

-1

16

14
24

28

32

36

40

Retention volume (counts)

Figure 2: The molecular weight of the PDMS pre-polymer and cross-linker

determined by GPC.
The data indicate that the pre-polymer and cross-linker have mainly a bimodal
character of widely differing molecular weight (for pre-polymer: 4000 and 67000
gmol-1 and for cross-linker: 1500 and 60000 gmol-1). The molar masses of the prepolymer and cross-linker obtained by 1H-NMR analysis (data not shown here) are
in good agreement with the GPC results.
Theoretically, the hydrosilylation reaction is very specific since the hydrosilane
groups should react only with the vinyl groups at the end of the chains, the
stoichiometric ratio being 1/1. Generally, an excess of the hydrosilane part is used
in order to compensate for the steric hindrance: the reaction between vinyl and
hydrosilane groups becomes more and more difficult since reactive species
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become scarcer, and the network becomes tighter as the reaction progresses [14].
In the absence of any significant side-reaction, balanced stoichiometry should lead
to a network with average molecular weight between cross-links, Mc, that equals
the molecular weight of the pre-polymer chains prior to their end linking and few,
if any, dangling-chains (those chains attached to the network at one end only) [14,
15].
4.4.2. ATR-FTIR and mechanical analysis of the dense PDMS membrane
ATR-FTIR was used for the spectroscopic characterization of the dense,
freestanding PDMS membranes prepared at various pre-polymer/cross-linker
ratios. Figure 3 presents a typical result for the membrane prepared at the
“reference” ratio, 10/1.
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Si-CH=CH2

Transmittance (%)
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60

-CH3

40

Si-CH3
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Si-O-Si
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Figure 3: ATR-FTIR spectra of the PDMS membrane prepared at ratio of 10/1.
The typical peaks of the C-H methyl stretch at 2965 cm-1, the silicon-methyl bond
at 1260 cm-1, and the broad polymer backbone absorption band between 1130 1000 cm-1 are found [28].
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The amount of the unreacted vinyl and hydrosilane (SiH) groups (after crosslinking at 65°C for 4 h in N2 oven) can be determined by following the change in
intensity of the absorption band at 1410 cm-1 (for vinyl) and 2140 cm-1 (for SiH). If
no side reaction occurs, the changes in the intensity of these bands should be
attributed to the consumption of these groups upon cross-linking reaction. Figure

4 presents typical ATR-FTIR spectra of the dense PDMS films of various prepolymer/cross-linker ratios at theses specific wavelengths.
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Figure 4: ATR-FTIR spectra of the dense PDMS membrane prepared at pre-

polymer/cross-linker of various ratios for (a) vinyl group (b) SiH group,
respectively.
For the PDMS prepared at pre-polymer/cross-linker ratio of 10/2, the intensity of
the absorption band at 1410 cm-1 is high, indicating an excess of the vinyl groups.
In Figure 4 (b), the SiH absorption band can not be clearly detected for the PDMS
membranes prepared at pre-polymer/cross-linker ratios of 10/0.7 and 10/1,
indicating the total SiH consumption upon the cross-linking reaction. In contrary,
for PDMS of 10/2 ratio, the SiH peak is high, suggesting that not all the
hydrosilane groups reacted. Nguyen et al. [10] reported similar results for an
excess of cross-linker amount in the pre-polymer/cross-linker mixture. They
suggested that the silicone network might be considered to be a blend of unreacted
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silicone (still containing vinyl and SiH groups) and fully-cured silicone (without
unreacted groups) [10]. The experimental findings may support the hypothesis of
heterogeneous cross-linker “agglomeration” or “branching” [29] that decreases the
extend of cross-linking reaction due to the steric hindrance. This leads to the
formation of an “imperfect” PDMS network at pre-polymer/cross-linker ratio of
10/2, which is spatially as well as compositionally heterogeneous. Such network is
expected to have a lower swelling degree compared to the homogeneous network.

Table 2 presents the densitiy (ρ), the Young’s modulus (Em), and the calculated
average molecular weight of chain between the cross-links (Mc – see Equation 6)
of the PDMS prepared at various pre-polymer/ cross-linker ratios.
Table 2: Density, Young’s modulus and average molecular weight of chains

between cross-links for PDMS prepared at pre-polymer/cross-linker of various
ratios.
Pre-polymer/cross-linker

ρ

Em
-3

Mc
3

ratio

(gcm )

(MPa)

(10 gmol-1)

10/0.7

1.052 ± 0.009

0.35 ± 0.08

22.3 ± 4.5

10/1

1.055 ± 0.006

0.50 ± 0.02

15.6 ± 0.8

10/2

1.064 ± 0.007

0.77 ± 0.06

10.3 ± 0.7

The elastic modulus of the dense, freestanding 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 al. [10]. Thus,
the average molecular weight between cross-links decreases from 22300 to 10300
gmol-1.
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4.4.3. Swelling experiments of dense PDMS membrane in hexane
Figure 5 presents the effect of the cross-linker content upon the swelling of
freestanding, dense PDMS membranes prepared 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.

300

10/0.7

250

10/1

SD (%)

200

150

10/2

100

50

0

0

5

10

15

20

25

Cross-linker content (% w/w)

Figure 5: The effect of the cross-linker content upon the swelling degree (SD) of

PDMS dense membranes in hexane.
The lower the amount of cross-linker in the pre-polymer-cross-linker mixture, the
higher the swelling degree of the membrane. Such behavior can be explained by
the decrease in the chain length between cross-links with the increase of the crosslinker amount (see Table 2): the shorter the chains between cross-links, the
stronger the elastic resistance to the swelling stress (higher elastic modulus), and
the lower the swelling degree of the membrane [14].

Table 3 summarizes the results of swelling experiments of the dense PDMS
membranes in hexane: the weight fraction of PDMS (wPDMS), the volume fraction
of PDMS (φPDMS), and the interaction parameter (χ) calculated by using the Flory-
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Huggins and the Flory-Rehner equations. For the Flory-Rehner equation (Equation

3), the Mc obtained from the mechanical analysis (Table 2) and the M* of 35000
gmol-1 taken from the GPC analysis, Figure 2) are used.

Table 3: Equilibrium data from the swelling experiments.
Pre-polymer/cross-linker

wPDMS

φPDMS

χFlory-Huggins

χFlory-Rehner

ratio

(-)

(-)

(-)

(-)

10/0.7

0.28 ± 0.02

0.19 ± 0.02

0.57 ± 0.02

0.58 ± 0.02

10/1

0.33 ± 0.03

0.24 ± 0.02

0.59 ± 0.02

0.59 ± 0.02

10/2

0.50 ± 0.03

0.38 ± 0.03

0.68 ± 0.02

0.66 ± 0.02

The data show that the volume fraction of PDMS in the swollen network increases
with the amount of cross-linker. This increase does not affect much the interaction
parameters of the hexane-PDMS membranes prepared at pre-polymer/cross-linker
ratios of 10/0.7 and 10/1. However, for PDMS prepared at pre-polymer/crosslinker ratio of 10/2, the χ parameter is higher, suggesting that the χ parameter
depends upon the cross-linking degree of the PDMS for the studied system. Such
finding has been already reported in literature [10, 30-32], the origin of this
behavior being attributed to the fact that the mixing and the elastic free energies
are not strictly separable in the description of swelling equilibrium [10, 32].
Therefore, the increase in cross-linking degree determines an increase in the
elastic energy for polymer network deformation, which reduces the free energy of
mixing [10]. Another potential cause of this behavior may be the difference in the
quality of the PDMS network prepared at pre-polymer/cross-linker of various
ratios. The ATR-FTIR spectra of PDMS prepared at pre-polymer/cross-linker ratio
of 10/2 indicate that the silicone network contains unreacted hydrosilane and vinyl
groups. The response of such “imperfect” network to the swelling stress would not
be as ideal as supposed in the Flory-Huggins and Flory-Rehner models. Two main
simplifications employed, namely the Gaussian distribution of the polymer chains
(which was found to not be always valid for the bimodal PDMS elastomers [33])
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and the phantom network (which ignores the intermolecular effects, therefore the
topological constraints), may not be valid for the prepared silicone network [34].
More sophisticated theories are available (e.g. using self-avoiding walk statistics
for the polymer chain distribution) but they are more difficult to apply because
they contain parameters that are not always available in the literature [34].
Interestingly, the values of χ parameter calculated using Flory-Huggins and FloryRehner equations are similar, indicating that the elastic contribution of the PDMS
network towards the swelling in hexane is negligible. We attribute this to the high
Mc (10300 and 22300 gmol-1). Actually, the elastic part of the Flory-Rehner
equation induces very little modification to the Flory-Huggins equation, unless the
PDMS network has a very small Mc [9]. Similar findings were reported [9, 10] for
the PDMS network with the Mc in the range of 640-12700 gmol-1.

4.4.4. Swelling of dense PDMS membranes in PIB 550 /hexane solutions
The equilibrium swelling degree of the dense, freestanding PDMS membrane in
PIB/hexane solutions was investigated as well. For this study, PIB of various MW
have been used. Figure 6 presents a typical result concerning the PIB of MW 550
gmol-1. Similar results were obtained for PIB of other MW, too. In the
concentration range of 0-30% (w/w), the swelling degree of the PDMS prepared at
pre-polymer/cross-linker of various ratios does not change significantly with
molecular weight of the solute (see Figure 2 in Chapter 3). 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.
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Figure 6: The effect of the solution concentration upon swelling degree of the

PDMS dense membranes prepared at pre-polymer/cross-linker of various ratios.
The effect 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, the PDMS
swelling degree decreases when the concentration of the PIB/hexane solution
increases, for all the cross-linking degrees. From the results of the swelling
experiments for pure PIB (apen.=1) and by using Equation 1, the interaction
parameter between PDMS/PIB is found to be 2.11 ± 0.02 [1]. This value is higher
than the χ value of 0.58 corresponding to PDMS/hexane system. This indicates
that the sorption of hexane in PDMS is thermodynamically much more favorable
compared to sorption of PIB.
Swelling experiments of PDMS membranes prepared at pre-polymer/cross-linker
of various ratios in the PIB of various MW/hexane solutions of 8 % w/w (at
22 ± 1°C) were performed. From the difference between the initial and final dry
weight, the concentration of the PIB (cPIB, % w/w) within the membrane is
determined (see Figure 7).
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Figure 7: The effect of MW of PIB on the concentration of PIB/hexane solution

inside the PDMS dense membrane prepared at pre-polymer/cross-linker of
various ratios.
The concentration of PIB inside the PDMS network decreases when the MW of
PIB increases, indicating a decrease in PDMS-PIB/hexane solution interaction
with increasing PIB MW. The experimental finding 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 the PDMS network decreases
slightly with increasing the amount of the cross-linker. Such behavior can be
explained by the decrease of the chain length between cross-links with the increase
of the cross-linker amount: the shorter the chains between cross-links, the stronger
the elastic resistance to the swelling stress, thus the lower the swelling of the
membrane, and therefore, the lower the PIB amount inside the PDMS network.
The PIB partition coefficient, KPIB,membrane is calculated from the results of Figure 7
over the concentration of the immersing PIB/hexane solution (8 % w/w), using

Equation 8. The KPIB,membrane in highly swollen, freestanding silicone membranes
(PDMS gel) is affected by the cross-linked density, as well as by the penetrant
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size. It decreases slightly with increasing pre-polymer/cross-linker ratio of the
PDMS-gel membranes.
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Figure 8: The PIB partition coefficient for the PDMS dense membranes prepared

at pre-polymer/cross-linker of various ratios.
When the molecular weight of the PIB increases, the PIB partition coefficient into
the PDMS decreases. Similar effect of the cross-linking degree on the partition
coefficient of myoglobin in block copolymer membrane of PEO-PDMS membrane
was reported by Harland et al. [36].
4.4.5. Permeation experiments

Figure 9 presents the hexane flux through the PAN/PDMS composites of various
cross-linking degrees as a function of transmembrane pressure. The hexane flux
increases linearly with the applied pressure in all cases, indicating that no
compaction of the membrane occurs over the applied pressure range. From the
slopes of the plots of Figure 9, the hexane permeability coefficient, Phexane, can be
calculated. Hexane permeability through the PAN/PDMS composites prepared at
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pre-polymer/cross-linker ratio of 10/0.7 is found to be 4.5 lm-2h-1bar-1, of 10/1 is
3.1 lm-2h-1bar-1, and of 10/2 is 4.1 lm-2h-1bar-1, respectively.
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Figure 9: Hexane flux as a function of the transmembrane pressure for the

PAN/PDMS membranes prepared at various pre-polymer/cross-linker ratios.
For the PAN/PDMS composites prepared at pre-polymer/cross-linker ratio of
10/0.7, the hexane permeability is higher in comparison to that through the
membrane composite prepared at 10/1 pre-polymer/cross-linker ratio. This finding
is consistent with the swelling results of the corresponding dense, free-standing
PDMS membranes: PDMS network prepared at pre-polymer/cross-linker ratio of
10/0.7 swells much more (260 % (w/w)) than that at 10/1 (200 % (w/w)). The
hexane permeability through the PAN/PDMS membrane prepared at prepolymer/cross-linker ratio of 10/2 ratio is not consistent with the swelling results
of the corresponding dense membranes: the Phexane through the PAN/PDMS
prepared at ratio of 10/2 is higher (4.1 lm-2h-1bar-1) than of 10/1 (3.1 lm-2h-1bar-1)
although 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. Probably the pore intrusion is different
for the PAN/PDMS prepared at pre-polymer/cross-linker ratios of 10/1 and 10/2.
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To study this hypothesis, we compare the effective thickness of the PDMS coating
layer determined by CO2 permeation experiments with the thickness visualized by
SEM. Typical SEM pictures of the cross-section of the PAN/PDMS prepared at
pre-polymer/cross-linker of various ratios are shown in Figure 10.

10/0.7

(a)
1 µm

(b)

10/1

1 µm

(c)
10/2

5 µm

Figure 10: SEM pictures of the cross-section of PAN/PDMS composite
membranes prepared at pre-polymer/cross-linker ratio of (a) 10/0.7
(magnification 10000x), (b) 10/1 (magnification 10000x) and (c) 10/2
(magnification 5000x).
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Table 4 compares the PDMS thickness visualized by SEM and the effective
thickness of the PDMS calculated from CO2 permeability measurements,
assuming that the gas transport is completely determined by the PDMS.
Table 4: Effective and visualized PDMS thickness, and hexane permeability of the

PAN /PDMS membranes prepared at pre-polymer/cross-linker of various ratios.

Pre-polymer/cross-linker

leff(CO2)

lSEM

Phexane

ratio

(µm)

(µm)

(lm-2h-1bar-)1

10/0.7

1.9 ± 0.2

0.9 ± 0.2

4.5 ± 0.5

10/1

2.0 ± 0.2

1.0 ± 0.2

3.1 ± 0.4

10/2

2.2 ± 0.3

1.8 ± 0.3

4.1 ± 0.5

For the PAN/PDMS composite membranes prepared at pre-polymer/cross-linker
ratios of 10/0.7 and 10/1, the difference between the effective and visualized
thickness is of about 1 µm. At the top of PAN support an intermediate layer
probably exists where the PDMS penetrates into the pores of the support. For the
composite membrane prepared at pre-polymer/cross-linker ratio of 10/2, however,
the difference between the effective and visualized thickness is not as much,
indicating that the pore intrusion in this membrane is less than for the other two
composites. This might be the reason for the relatively high hexane permeability
observed for this membrane, even though the membrane swelling is less than for
the other two membranes. A pore confinement restricts the swelling of the PDMS
network immobilized insides the pores due to the rigidity of the support matrix.
Similar results are reported by Vankelecom et al. [37] for the pervaporation of
water/ethanol with a PDMS/Zirfon composite membrane that had various degrees
of pore intrusion.
Apparently, the cross-linking degree and the pore intrusion of the silicone network
influence the hexane flux through the dense PDMS-based NF composite
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membranes. In Chapter 2 we reported a hexane permeability of 5.9 lm-2h-1bar for
the gas-selective GKSS membrane with an effective thickness of 2µm and without
pore intrusion. Our PAN/PDMS composite membrane prepared at 10/2 prepolymer/cross-linker ratio presents similar features concerning pore intrusion and
effective thickness. However, its hexane permeability is found to be 4.1 lm-2h-1bar,
indicating that the different cross-linking degree of the network may cause the
difference in hexane permeability. Koike et al. [38] and Robinson et al. [7]
reported also various hexane permeabilities (4.7 lm-2h-1bar, effective thickness not
revealed and 10 lm-2h-1bar, for 2µm) through dense, gas selective, PDMS-based
NF composite membranes. The gas selectivity of all those membranes was the
intrinsic PDMS gas selectivity, suggesting that the differences in hexane
permeability might be given by the various cross-linking degree of the silicone
network.

Figure 11 presents the effect of the feed pressure on the hexane flux for various
PIB1300/hexane

concentrations,

for

the

PAN/PDMS

prepared

at

pre-

polymer/cross-linker of various ratios. The hexane permeability coefficient
(calculated from the slopes of the graphs in Figure 11) through the PAN/PDMS
composite prepared at pre-polymer cross-linker of various ratios decreases with
the increase of PIB1300 concentration. Similar trend has also been reported in
literature [1, 39-42] for various organic systems. The decrease of solvent
permeability with increase of solute concentration is due to the increase in feed
viscosity.
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Figure 11: Hexane flux through PAN/PDMS membrane prepared at pre-

polymer/cross-linker ratios of (a) 10/0.7, (b) 10/1 and (c) 10/2 as a function of
transmembrane pressure for various PIB 1300/hexane feed concentrations.
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In all cases, the linearity of the Jhexane with the applied pressure indicates that no
compaction of the membrane occurs over the applied pressure range. Hence the
hexane transport through the membrane can be described by the Equation 4. For
the PAN/PDMS composite membranes prepared at pre-polymer/cross-linker ratios
of 10/0.7 and 10/2, osmotic phenomena similar to those already reported at prepolymer/cross-linker ratios of 10/1 [1] are observed and can be interpreted using
the van’t Hoff equation:

∆π =

R g T∆c

Equation 11

MW

∆π is the osmotic pressure (in bar), ∆c is the solute concentration difference across
the membrane (in g/l) and MW is the solute molecular weight (in gmol-1). The xintercepts (at Jhexane = 0) for each PIB1300/hexane concentration are again in very
good agreement, within experimental error, with those of ∆π calculated by using

Equation 11. For example, for PAN/PDMS composite prepared at prepolymer/cross-linker

ratio

of

10/0.7,

x-intercept/calculated

∆π

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.
For the PAN/PDMS prepared at pre-polymer/cross-linker ratio of 10/1, we
reported in Chapter 3 that the “apparent viscosity” inside the membrane and the
swelling of the membrane (due to the interaction of PDMS/hexane/solute) are the
most critical factors affecting the hexane permeability. It is interesting to see if
similar conclusion can be drawn for the hexane transport through the PDMS
membranes prepared at pre-polymer/cross-linker ratios of 10/0.7 and 10/2. Table 5
presents this normalization for the PAN/PDMS membranes prepared at prepolymer/cross-linker of various ratios, at the same experimental conditions: feed
of 8 % (w/w) PIB/hexane, at 24 ± 3 °C. For the normalization, the value of an
“apparent viscosity” of the solution inside the membrane is used. This is estimated
from the concentration of PIB in a hypothetical hexane/PIB phase inside the dense
PDMS membranes (Figure 7) and the plots of viscosity versus PIB/hexane
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concentration already presented elsewhere [1]. For the swelling degree, the results
of the dense PDMS membranes are used.
For all membranes, a constant normalized value is found for each prepolymer/cross-linker ratio, the magnitude of which depends on the cross-linking
degree of the PDMS. For the PAN/PDMS membranes prepared at prepolymer/cross-linker ratios of 10/0.7 and 10/1, the normalized hexane
permeability, Pη / SD , is similar (about 1). However, for the composites prepared
at pre-polymer/cross-linker ratio of 10/2, the normalized value is higher (range of
2.1-2.4) due to the lower SD of the dense PDMS membrane of 10/2 ratio
compared to 10/0.7 and 10/1. If we assume the solution-diffusion model to hold
for this system, then we can interpret the solvent viscosity as a measure for the
diffusion coefficient of hexane inside the silicone network and the swelling as a
measure for the solubility. However, the solution-diffusion does not consider the
solute-solvent coupling (solvent-induced solute dragging) that is found
experimentally, as we will discuss below.
For the PAN/PDMS composite membrane prepared at pre/polymer/cross-linker
ratio of 10/1, we have already found [1] that the flux of the solute increases
linearly with the applied pressure, showing the existence of flux coupling or
solvent-induced solute dragging.

Figure 12 shows that the dragging effect of the hexane flux on the solute occurs
for the PAN/PDMS composites at various cross-linking degrees. At the same
PIB1300/hexane feed concentration, the PIB flux increases linearly with the
hexane flux. The flux of PIB 1300 through the PAN/PDMS composite prepared at
pre-polymer/cross-linker ratio of 10/0.7 is higher than that through the composite
of 10/1 (similar pore intrusion), indicating its correlation with cross-linking degree
of the silicone network (result consistent with the partition experiments of Figure

8).
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Table 5: Parameters concerning the transport of PIB/hexane solutions through the

PAN/PDMS membranes prepared at pre-polymer/cross-linker ratio of (a) 10/0.7 ,
(b) 10/1, (c) 10/2. Experimental conditions: feed of 8 % (w/w), at 24 ± 3 °C.
(a)
MW of PIB,

ηapparent

Phexane,

SD/100

Pη100/SD

(gmol-1)

(cSt)

(lm-2h-1bar-1)

(-)

(l cSt m-2h-1bar-1)

350

0.56 ± 0.06

4.1 ± 0.5

2.1 ± 0.1

1.0 ± 0.2

550

0.57 ± 0.06

3.7 ± 0.6

2.1 ± 0.1

1.0 ± 0.2

1000

0.60 ± 0.06

3.3 ± 0.6

2.1 ± 0.1

0.9 ± 0.2

1300

0.62 ± 0.07

3.2 ± 0.5

2.1 ± 0.1

0.9 ± 0.2

2300

0.63 ± 0.08

3.0 ± 0.4

2.1 ± 0.1

0.9 ± 0.2

MW of PIB,

ηapparent

Phexane,

SD/100

Pη100/SD

(gmol-1)

(cSt)

(lm-2h-1bar-1)

(-)

(l cSt m-2h-1bar-1)

350
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0.56 ± 0.06

2.7 ± 0.3

1.7 ± 0.1

0.9 ± 0.2

1000

0.57 ± 0.06

2.6 ± 0.2

1.6 ± 0.1

0.9 ± 0.2

1300

0.59 ± 0.07

2.7 ± 0.2

1.6 ± 0.1

1.0 ± 0.2

2300

0.61 ± 0.08

2.7 ± 0.2

1.7 ± 0.1

1.0 ± 0.2

MW of PIB,

ηapparent

Phexane,

SD/100

Pη100/SD

(b)

(c)

-1

-2 -1

-1

(gmol )

(cSt)

(lm h bar )

(-)

(l cSt m-2h-1bar-1)

350

0.54 ± 0.07

3.9 ± 0.6

0.9 ± 0.1

2.4 ± 0.4

550
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Figure 12: The flux of PIB 1300 as a function of the hexane flux for various cross-

linking degrees of PDMS. Feed concentration: 8 % (w/w).

4.4.6. Retention performance
The effect of the PDMS cross-linking degree on the membrane retention for the
tailor-made PAN/ PDMS membrane was investigated by determining the MWCO
(defined as the MW of the solute that is rejected for 90 % by the membrane).

Figure 13 presents the results of the membrane retention for 8 % (w/w)
PIB/hexane solutions at transmembrane pressure of 7 bar, for the PAN/PDMS
composites prepared at pre-polymer/cross-linker of various ratios. The indicated
MW of PIB is provided by the manufacturers (the polydispersity of PIB of various
MW is presented in Table 1).
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Figure 13: PIB retention by the PAN/ PDMS composite membranes prepared at

pre-polymer/cross-linker of various ratios as a function of the molecular weight of
PIB. Experimental conditions: feed concentration of 8 %(w/w), ∆p=7 bar, at 24 ±
3 °C.
The relatively high membrane retention is probably based on the difference in
solubility/diffusivity of hexane compared to PIB as discussed in Chapter 3. 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 hexane flux stronger than the
dragging raises the PIB flux. Paul [43] stated recently that the consequence of the
coupling effects in reverse osmosis might exist but they are too small to be
noticeable.
Having in mind the polydispersity of the PIB, we can conclude that the retention
performance is the same for all the PAN/PDMS composite membranes. The
results of Figure 9 allow us to estimate a MWCO of around 1200 - 1250 Da. The
fact that the cross-linking degree of PDMS has no effect on the MWCO of the
membrane might be attributed to the highly swollen state of the silicone network.
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This hypothesis may be confirmed by the similar rejection performances of
various dense, gas selective PDMS-based NF composite membranes were reported
[38 and Chapter 2] although their PDMS layer had different cross-linking or
thickness, resulting to differences in hexane permeability (4.4.5.).
In conclusion, for the PAN/PDMS composite membranes prepared at ratios of
10/0.7 and 10/2, the hexane permeability is higher than for the composite at 10/1,
their retention, however, is similar. Therefore, the composite membranes with
10/0.7 or 10/2 might be more attractive for a practical (industrial) application due
to their higher hexane flux without any compromise for the membrane retention.

4.5. Conclusions
In this chapter, PAN/PDMS composite membranes of various cross-linking
degrees were prepared. Their transport properties for pure hexane and PIB/hexane
solutions were systematically investigated.
The swelling of the dense, free-standing PDMS membrane of various crosslinking degrees in hexane and PIB/hexane solutions slightly decreases when the
pre-polymer/cross-linker ratio increases. The partition coefficient of PIB decreases
with the increase of cross-linker content and with the increase in PIB molecular
weight.
For the PAN/PDMS composite membranes the main findings are:
• The hexane permeability (Phexane) through the PAN/PDMS prepared at prepolymer/cross-linker ratio of 10/0.7 is higher than at pre-polymer/crosslinking ratio of 10/1 (4.5 and 3.1 lm-2h-1bar, respectively) due to the higher
membrane swelling. The Phexane through the PAN/PDMS prepared at prepolymer/cross-linker ratio of 10/2 is higher than that through the composite
prepared at ratio of 10/1 (4.1 and 3.1 lm-2h-1bar). This is not consistent with
the swelling findings of the corresponding free-standing PDMS membranes.
The higher Phexane for the composite at ratio 10/2 might be due to less pore
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intrusion of PDMS compared to 10/1 and/or due to the heterogeneity of the
silicone network.
• Osmotic phenomena are observed for the PAN/PDMS prepared at prepolymer/cross-linker of various ratios and can be interpreted using the van’t
Hoff equation.
• The cross-linking degree of PDMS has, however, no effect on the membrane
retention 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 attractive for a practical application due to
their higher hexane permeability.

4.6. List of symbols
apen.

Penetrant activity

B

Solute permeability coefficient

c PIB,f

Concentration in the feed side (% w/w)

c PIB,p

Concentration in the permeate side (% w/w)

Di,j

Diffusion coefficient

Em

Elastic modulus (MPa)

J

Flux through membrane

K

Partition coefficient

l

Membrane thickness (µm)

Mc

Average molecular weight between cross-links (gmol-1)

MW

Molecular weight (gmol-1)
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MWCO

Molecular weight cut off ( Da)

∆p

Transmembrane pressure (bar)

P

Permeability of hexane through the membrane

R

Membrane retention

SD

Swelling degree (%)

t

Time (h)

T

Temperature (K)

wPDMS

Weight fraction of PDMS at swelling equilibrium

Greek symbols

α CO

2

/ N2

Gas selectivity of membrane for CO2 over N2

η

Viscosity (cSt)

ρ

Density (gcm-3)

∆π

Osmotic pressure (bar)

φpen

Penetrant volume fraction

χ

Interaction parameter

υ

Molar volume (cm3mol-1)
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5
The permeation performance of the PAN/PDMS composite
membranes at high-pressure

Abstract
The purpose of this work is to investigate the permeation performance of the
poly(acrylonitrile)/poly(dimethyl siloxane) (PAN/PDMS) composite membrane at high
pressure. In specific, the effect of transmembrane pressure on the oil/hexane flux and oil
retention is studied. The hexane flux increases linearly with applied pressure and no
membrane compaction is found up to 30 bar. The membrane stability under the pressure
is confirmed by similar hexane permeability at low and high pressure. No concentration
polarization is found for the studied system. The PAN/PDMS tailor-made composite
membrane presents high hexane permeability (around 3.0 lm-2h-1bar-1) coupled with high
oil retention (about 93%). The oil permeability coefficient increases with hexane flux,
due to the solvent-induced solute dragging. The results for PAN/PDMS composite
membranes are compared with the GKSS membranes, showing that the GKSS membrane
compacts at pressure above 20 bar. The hexane permeability of the GKSS membrane is
higher than of our PAN/PDMS tailor-made composite due to the differences in crosslinking degree and pore intrusion. Their retention characteristics are, however, similar.
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5.1. Introduction
Solvent resistant nanofiltration membranes (SRNF) experience increasing
attention lately, as they have a vast potential for novel applications in fine
chemicals, pharmaceuticals, food and petrochemical industries [1]. For example,
one of the most important steps in edible oil processing is the separation of hexane
from oil. Compared to traditional unit operations, the use of membranes could
enable considerable energy savings [2]. So far, we reported that the tailor-made
PAN/PDMS composite membrane exhibits good permeation characteristics for
oil/hexane solutions, up to 7 bar [3]. However, in the industrial applications
pressures higher than 7 bar are required to obtain larger permeate fluxes, to be
economically feasible [4 - 6].
One major drawback of the high pressure for the NF membrane may be the decline
in flux due to the compaction and/or concentration polarization [4 - 13]. The
membrane compaction is a mechanical deformation of the selective top layer
and/or of the support membrane and, as a result, the flux through the composite
decreases at high pressure. However, the compaction phenomenon is rather
complex since may be reversible [7, 8] or irreversible [9] (depending on the
membrane) and for the same membrane, at similar pressure, compaction may
occur or not, depending on the permeating species [10]. Vankelecom et al. [11]
suggested that the swelling of the membrane may have an important role for the
compaction phenomenon: for the rigid polymers in non-swelling conditions,
compaction at high pressures might be negligible while it may become important
for the swollen networks. The authors studied the compaction of the dense PDMS
membrane swollen with butanol and tetradecane. They concluded that the more
swollen the membrane, the more important the compaction becomes. However,
the opposite effect was observed by Machado et al. [10]. They reported a nonlinear flux of alcohols through the MPF-50, which is a silicone composite
membrane and, therefore, low interaction with alcohols was expected.
Vankelecom et al. [11] suggested that this difference might be due to the role of
the support of the MPF-50 composite membrane. On contrary, a series of papers
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reported a good linearity of the flux of various solvents through the MPF-50
membrane with the applied pressure up to 55 bar [13, 14].
Concentration polarization can significantly affect the permeation performances of
a SRNF membrane, at high solute concentration and high pressure. Peeva et al.
[15]

reported

the

existence

of

concentration

polarization

for

tetraoctylammoniumbromide (TOABr)/toluene at 0.05-0.3 M (2.9 and 20 % w/w,
respectively) and pressure up to 40 bar. Interestingly, no concentration
polarization was found for the same membrane and docosane/toluene solution at
concentration of 0.33 and 0.67 M (corresponding to 9.9 and 20 % w/w,
respectively). The difference was attributed to the higher diffusion coefficient of
docosane in toluene compared to TOABr and to the higher membrane retention
towards TOABr compared with docosane. In Chapter 2 and 3, no significant effect
of the stirring rate was found in the range of 100 - 700 rpm for PAN/PDMS
composite membrane and (oil, poly(isobutylene))/hexane solutions (above 700
rpm, the vortex occurred as discussed in Appendix I). However, the study of the
hydrodynamics of the system would be useful especially at high pressure where
concentration polarization may become important due to the higher permeate flux.
This study investigates the transport of oil/hexane solution through the
PAN/PDMS composite membrane, at pressure up to 30 bar. The stability of the
membrane is studied by comparing the hexane permeability of the composite
membrane at low and high pressure range. The effect of flow velocity on the
permeate flux is studied in a permeation set up with cross flow configuration. The
separation performances are compared with those of the semi-commercially GKSS
membrane.

5.2. The effect of approximations in the solution-diffusion model
at high pressure and large penetrants
The solution-diffusion model [16, 17] has already been discussed in detail in
Chapter 2 and 3 of this thesis. Here, we will briefly remind the main equations and
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their limitations at high pressure. The flux of a solvent species i through a non
porous, dense membrane is given by:

Ji =

Di K i cif
l

[1 − exp(

− υi (∆p − ∆π )
)]
Rg T

Equation 1a

where Di is the diffusion coefficient of i through the membrane, Ki is the sorption
coefficient, cif, is the feed concentration of species i, respectively, υi is the partial
molar volume of species i, ∆p and ∆π is the difference in applied and osmotic
pressure across the membrane. It has already been pointed out [14, 15, 18] one
particularity of this model that needs attention: for aqueous systems, the model
makes the approximation that the exponential term is small (low pressure range
and small partial molar volume of water). Then, the Equation 1 can be written as:

Ji =

Di K i cif υ i
lRg T

(∆p − ∆π )

Equation 1b

where the solvent permeability term Psolvent =

Di K i cif υ i
lR g T

, is considered constant.

However, the above approximation may not be valid for organic solvents with
larger partial molar volumes compared to water, especially at high-pressure, as we
will show later. Similarly, the flux of the solute j is:

Jj =

Dj K j
l

[c jf − c jp exp(

−υ j ( p f − pp )
Rg T

)]

Equation 2a

or, assuming that the exponential term is small
J j = B(c jf − c jp )

Equation 2b
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where B is usually constant and is called the solute permeability.
Table 1 gives an estimation of the errors that occur due to the approximation for
the pure permeating components used in our study, hexane and sunflower oil, at
30 bar and 25 °C.
Table 1. Contribution of the exponential term in solution-diffusion model at 30 bar
and 25°C.
− υ i ∆p
)
RgT

(cm3mol-1)

υ i ∆p
R gT

Hexane

132

0.159

0.147

8.2

Oil

980

1.188

0.695

70.8

Liquid

Molar volume

1 − exp(

Deviation
(%)

For large permeating components, like sunflower oil, the error can be quite
significant (70.8%). So in the following discussion we use the extended equations
(Equations 1a and 2a) which take into account the influence of the transmembrane
pressure and of the molar volume on the Ji,j.

5.3. Experimental
5.3.1. Materials
The PAN support membrane with MWCO of 30 kDa was provided by GKSS Germany. The membrane was delivered in dry state and used without further
treatment. The selective top layer of the composite was PDMS (RTV 615 type,
kindly supplied by General Electric, The Netherlands), prepared at pre-polymer/
cross-linker ratio of 10/1. The PAN/PDMS tailor-made composite membranes
were prepared in a two-step coating procedure as described in Chapter 2.
The n-hexane (Merck, The Netherlands) and the sunflower oil (Fluka, The
Netherlands) were used as supplied, without further purification. The refined
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sunflower oil (purchased from Fluka – The Netherlands) consisted of a mixture of
triglycerides (mostly C18 with traces of C16-C20 fatty acids), of molecular weight of
around 900. Linoleic acid was the major component of unsaturated chains. The
PIB, Glissopal of MW 1300 and 2300 were kindly provided by BASF - Germany
and of MW 350, by Janex S.A.–Switzerland. The MW is given by the producer,
with a degree of polydisperisty (defined as the ratio of Mw to Mn, determined by
GPC) in the range 1.8-3.6.
The GKSS membranes were radiation cross-linked PDMS-PAN composites
supplied by GKSS Forschungszentrum, Germany [19]. The GKSS membranes
were delivered in dry state and used without further treatment.
5.3.2. Permeation set-ups
Dead end configuration
The permeation experiments in the batch mode were performed in a dead end
filtration set-up described in details in Chapter 2. Helium gas was used to apply
pressure up to 30 bar. The liquid permeation experiments were performed at room
temperature (24 ± 3 °C), following the protocol: the membranes were placed in the
test cells and a pre-conditioning step with pure hexane at 30 bar for 1 h was
performed. Then, the system was slowly depressurized, the hexane was removed,
the oil/hexane solution was placed in the reservoir and new pressure was applied.
After each measurement, the system was slowly depressurized, the permeate was
collected and analyzed and then returned to the feed reservoir.
Cross flow configuration
The liquid permeation experiments in the continuous mode were performed in a
cross flow configuration set up (Figure 1). From the feed vessel (with a capacity
of 15 l), the feed solution is pumped into the membrane cell with an effective
membrane area of 250.2 cm2. The permeate could either be circulated back to the
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reservoir or collected separately for subsequent sample analysis. The retentate
solution is recycled to the feed vessel, temperature controlled at 25°C with a
heating/cooling coil.
11
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1=feed line, 2=drain, 3=vacuum pressure meter, 4=frequency controlled pressure pump,
5=frequency controlled circulation pump, 6=heat exchanger, 7=flow meter, 8=pressure
meters, 9=membrane module, 10=permeate tubing, 11=temperature controller, 12=ball
valve, 13=pressure relief valve, 14=backpressure valve, 15=feed vessel.

Figure 1: Schematic drawing of the permeation set up.
Prior to an experiment, the membrane was placed in the test cell and a preconditioning step with pure hexane at 25 bar for 1 h was performed. Then, the
system was slowly depressurized, the hexane was removed, the oil/hexane solution
was placed in the feed vessel and new pressure was applied. With the pressure and
cross flow set to the desired values, the permeate was circulated back to the feed
vessel for an hour. The permeate was then collected in a separate vessel and used
to determine de flux and oil concentration.
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5.3.3. Analytical methods
The flux through the membrane was calculated by dividing the permeate volume
(in l) to the membrane area (in m2) and collecting time (h). The permeate volume
was determined by dividing the collected weight to the permeate density (kgm-3,
measured by a Digital Density Meter, model DMA 50).
The sunflower oil concentration in the feed (cjf, in mole fraction) and the permeate
(cjp, in mole fraction) solution was analyzed by refractive index measurements at
25 °C using a Abbe-3 refractometre, from Carl Zeiss, Germany. The sunflower oil
retention was calculated using the equation:
 c jp
R = 1 −
 c
jf



 × 100



Equation 3

For the batch mode, values and error bars reported in the tables and figures are
based on at least three different samples. For the continuous mode, a single
membrane was used and values and error bars reported in the figures are based on
at least three different measurements.

5.4. Results and Discussion
5.4.1. Permeation experiments with the PAN/PDMS composite membrane
In order to develop membranes for industrial application, the stability of the
membrane under the permeation conditions is very important. Figure 2 shows the
hexane flux through PAN/PDMS composite membrane during 15 h permeation
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experiments, at 30 bar (the experiment was performed for 8 h per day. Overnight,
the membranes were kept in hexane and the experiment continued the next day).
The hexane flux is constant, showing that the morphology of the PAN/PDMS
composite membrane does not change under the employed conditions.
140
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Figure 2: Hexane flux through PAN/PDMS membrane as a function of operating
time, at 30 bar and 24 ± 3°C.
In order to investigate if the membrane morphology is stable at various pressure
histories, we performed a series of experiments with hexane at different pressures.
After 1 h of pre-compaction with hexane at maximum applied pressure (7, 20 or
30 bar, respectively), the system was slowly de-pressurized and the hexane flux
versus pressure was measured. Figure 3 shows that the hexane flux is constant,
independent on the history of the permeation experiments.
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Figure 3: Hexane flux as a function of transmembrane pressure after various precompaction pressures, at 24 ± 3°C.
Figure 4 shows the comparison between the hexane flux through a new, virgin
PAN/PDMS composite membrane and through the same membrane after
continuous permeation of about 1 month. In both cases, the hexane flux is similar,
indicating the stability of the membrane under employed conditions.
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Figure 4: Hexane flux as a function of transmembrane pressure through a
PAN/PDMS virgin membrane and through one and the same membrane after
about 1 month of oil/hexane permeation experiments, at 24 ± 3°C.
Figure 3 and 4 show that the hexane flux increases linearly with applied pressure,
indicating no membrane compaction (for the data of pre-compaction at 20 and 30
bar, the linear correlation between hexane flux and applied pressure has the least
squares regression of 0.99). Therefore, Equation 1b can be used to describe the
hexane transport through the PAN/PDMS at high pressure, as well. Although the
importance of the exponential term approximation has been shown (see 5.2), the
approximation (see Equation 1b) still gives a reasonable prediction of the hexane
flux, due to the relative low molar volume of hexane. The hexane permeability is
Phexane= 3.0 ± 0.3 lm-2h-1bar-1, in agreement with that at low pressure reported in
Chapters 2 and 3.
The linear increase of the solvent flux with applied pressure is consistent with
results reported in other studies [9, 13]. On contrary, Paul et al. [20 - 22] reported
that the flux of various solvents through lightly cross-linked, freestanding natural
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rubber membrane increased linearly at low pressures (up to 6 bar) and levels off at
higher pressures (limiting flux). The authors attributed the limiting flux to the
solvent concentration gradient within membrane. This membrane was highly
swollen by the organic solvents and, under the applied pressure, large
concentration gradients developed through the membrane even at relatively low
pressures. The concentration in the membrane on the permeate side drops to zero
and the flux through the membrane reaches a limiting value as feed pressure
increases. The decrease in the slope of the curve at the higher concentration
difference reflects a decrease in diffusion coefficient as the swelling of the
membrane decreases, according to the solution-diffusion model. The difference
between the experimental results reported by Paul et al. and our data is probably
due to the membrane thickness. They used thick, free-standing natural rubber
membrane of 275 µm, whereas we used a PAN/PDMS composite membrane with
a selective PDMS layer of about 1-2µm where such a significant gradient in
hexane concentration is not probable. To study the effect of the membrane
thickness on the concentration gradient, we also performed permeation
experiments with the dense, free-standing PDMS membrane. First, the PDMS
membrane was swollen in hexane and then placed in the test cells, directly on the
PAN support, and low pressure (1 bar) was applied. A significant highly hexane
flux than expected for a dense PDMS membrane was obtained. By examining the
membrane after the permeation measurement, large cracks in the PDMS
membrane could be observed, indicating that the measured hexane flux
corresponds to the PAN support rather than to the dense silicone membrane. The
same procedure was performed for a dry dense PDMS but again the same
phenomenon occurred, probably because the used dense, free-standing PDMS
membrane did not have mechanical resistance to stand the applied pressure.
For oil/hexane solution, we performed permeation experiments in the
concentration range of 0.008-0.039 mol fraction (corresponding to 8-30 % w/w),
investigating the effect of high pressure on the permeation characteristics of the
PAN/PDMS composite membranes.
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Figure 5 shows that the total flux (oil and hexane) decreases with increase in
permeation time, at transmembrane pressure of 15 and 30 bar, respectively.
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Figure 5: Total flux through PAN/PDMS membranes as a function of permeation
time, at 0.008 mol fraction oil/hexane and 24 ± 3°C.
One possible cause for this behavior could be the increase in concentration of the
feed solution during the batch mode permeation experiment. This effect is more
important at low feed concentration and high transmembrane pressure (larger
permeate flux). For example, for oil/hexane feed solution of 0.008 mol fraction, at
30 bar transmembrane pressure, the concentration of the feed increases to 0.012
mol fraction in 1 h. So the viscosity of the solution inside the membrane (η apparent ),
the membrane swelling (SD) and the osmotic pressure difference ( ∆π ) will
change as well. Those parameters are found to be responsible for the mass
transport in Chapter 3. For the PAN/PDMS composite membrane at a given crossP
×η
linking degree, the normalized hexane permeability hexane apparent is similar at
SD
various oil/hexane concentrations. To be able to know the hexane flux at the
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starting feed concentration, we use the normalization

Phexane × η apparent
SD

at the

beginning of permeation experiment and at the end of permeation experiment.
Therefore, the Jhexane can be corrected, eliminating the concentration mode.
Figure 6 shows the measured and corrected Jhexane versus transmembrane pressure
of a 0.008 mol fraction oil/hexane feed solution.
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Figure 6: Hexane flux as a function of transmembrane pressure: measured and
corrected data for the concentration mode. Experimental conditions: 0.008 mol
fraction oil/hexane feed, at 24 ± 3°C.

It seems that the curvature of the Jhexane can be eliminated by the applied correction
and the hexane flux through the PAN/PDMS membranes becomes linear with the
transmembrane pressure.
Figure 7 presents the corrected hexane flux versus transmembrane pressure at
various oil/hexane concentrations.
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Figure 7: The hexane flux through PAN/PDMS membrane as a function of
transmembrane pressure, at various oil/hexane concentrations and 24 ± 3°C.
The hexane permeability (defined as the slope of Jhexane versus pressure) decreases
with increase in oil concentration of the feed solution due to the increase of feed
viscosity. The decrease of flux through the membrane with increase of the solute
concentration is consistent with previously published data [6, 9, 14].
A second permeation set up was also available (on a limited basis), allowing to
perform permeation experiments through the PAN/PDMS composite membrane in
cross flow mode, up to 25 bar and cross flow rate up to 2.4 l/min. The aim of this
study is to investigate if concentration polarization phenomenon is important in
this system. First, the permeation of oil/hexane concentrations of 0.008 and 0.022
mol fraction were performed at various pressures and flow rates. The mass transfer
limitation caused by concentration polarization is expected to be more important at
higher oil concentration.
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Figure 8 shows the hexane flux through the PAN/PDMS membrane as a function
of transmembrane pressure, at 0.022 mol fraction concentration. Similar results
were obtained at 0.008 mol fraction concentration (not shown here).
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Figure 8: Hexane flux through the PAN/PDMS membrane as a function of
transmembrane pressure, at various flow rates. Experimental conditions:
concentration of 0.022 mol fraction, 25 °C.
The cross flow rate does not have a significant effect on the hexane flux, over the
tested range, indicating the absence of concentration polarization under the studied
conditions. Peeva et al. [15] did not find any influence of the flow rates on the flux
for docosane/toluene solution at concentration of 0.05 and 0.09 mole fraction
while the flow rate influence was significant for TOABr/toluene at 0.006-0.04
mole fraction. The difference was attributed to the higher diffusion coefficient of
docosane in toluene compared to TOABr and to the higher membrane retention
towards TOABr compared with docosane.
Figure 9 shows the effect of operating pressure on the hexane flux for the 0.008
and 0.022 mole fraction oil/hexane feed solutions. In both cases, the linearity with
applied pressure indicates that no concentration polarization occurs in the system.
The hexane permeabilities (calculated from the slope of the graphs of Figure 9)
are similar with the values found in batch mode (Table 2).
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Figure 9: Hexane flux through the PAN/PDMS membrane as a function of
transmembrane pressure, at various oil/hexane concentrations and 25 °C.
It is worth to mention that the hexane permeabilities are similar to the values
reported at low-pressure range (Chapter 3). Table 2 shows the comparison
between the hexane permeability of the PAN/PDMS composite membrane, at low
and high pressure, in batch and continuous mode.
Table 2: Comparison between the Phexane at low and high pressure for PAN/PDMS
membrane, at various oil/hexane concentrations.
Oil concentration
(mole fraction)

Plow pressure

a
Phigh
pressure

b
Phigh
pressure

(lm-2h-1bar-1) (lm-2h-1bar-1) (lm-2h-1bar-1)

0

3.1 ± 0.4

3.0 ± 0.3

3.1

0.008

2.4 ± 0.3

2.3 ± 0.2

2.5 ± 0.1

0.022

1.8 ± 0.4

1.7 ± 0.3

2 ± 0.1

0.039

1.1 ± 0.3

1.1 ± 0.2

n.m.

a

values measured in batch mode

b

values measured in continuous mode

n.m

not measured
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There is no significant difference between the membrane performances at high and
low pressure, indicating the stability of PAN/PDMS membrane under employed
conditions.
Figure 10 presents the oil retention by the membrane versus transmembrane
pressure at various oil/hexane concentrations. For the calculation of Roil, the
average of the concentration of the initial feed and the retentate was used as
concentration of feed.
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Figure 10: Oil retention by PAN/PDMS membrane as a function of
transmembrane pressure, at various oil/hexane concentrations and 24 ± 3°C.
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At low pressures, the retention increases with the transmembrane pressure. When
the pressure increases, the increase of hexane flux is much higher than the relative
increase of the oil flux leading to increase of retention at high pressure (Figures 11
and 12).
Oil rejection by PAN/PDMS was also studied at different cross flow rates and oil
concentrations. No significant influence of the flow rate was found at 0.008 and
0.022 mol fraction, indicating the lack of concentration polarization under the
employed conditions.
Figure 11 shows the effect of hexane flux upon the oil permeability (B) at various
oil/hexane feed concentrations.
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Figure 11: Effect of the hexane flux upon oil permeability coefficient, at various
oil/hexane concentrations.
To calculate B the Equation 2a was used, since the approximation (Equation 2 b)
introduces a large error (see 5.2). The oil permeability coefficient increases
significantly with hexane flux. The results of Figure 11 confirm the data obtained
at low pressure range (1-7 bar) where the dragging effect is found to be dependent
on the molecular weight and on the concentration of the solute in feed (Figure 12).
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Figure 12: Effect of molecular weight at (a) low feed concentration and (b) at
high feed concentration upon oil permeability.
Probably, at high solute concentrations where the swelling of the membrane is
lower and the “apparent” viscosity inside the membrane is higher, the dragging
effect on the solute transport is restricted, as already discussed in [3].

5.4.2. Permeation experiments with the GKSS membrane
The GKSS membrane was also characterized in order to compare its separation
performance at high pressure with that of the PAN/PDMS tailor-made membrane.
The GKSS membrane used in the current study is a radiation cross-linked
PAN/PDMS composite [19]. The gas permeation experiments show that the
membrane selectivity α CO / N is 10.3 ± 0.4, indicating a PDMS selective top-layer.
2

2

We performed permeation experiments with oil/hexane solution in the
concentration range of 0-0.039 mol fraction (corresponding to 0-30 % w/w).
Figure 13 presents the effect of the transmembrane pressure on the flux of pure
hexane.
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Figure 13: Hexane flux through the GKSS membrane as a function of
transmembrane pressure at 24 ± 3°C.
Unlike the PAN/PDMS tailor-made membrane, hexane flux through the GKSS
membrane is not linear with transmembrane pressure, suggesting that the
membrane is compacted at pressure higher than 20 bar. One possible cause may be
the compaction of the support membrane, phenomenon already reported for other
composite membrane (MPF-50) [11]. In Chapter 2, we reported the permeation
performance of GKSS at low pressure, too. The hexane flux increased linearly
with the applied pressure up to 7 bar, indicating that no compaction occurred.
Interestingly, Robinson et al. [23] reported a non-linear correlation between the
hexane flux through a GKSS membrane and the applied pressure (up to 9 bar).
Based on this finding, they proposed two distinct mechanisms for the hexane
transport through a GKSS membrane, pore-flow and solution-diffusion model, the
inflexion point being the transition between the models.
The hexane permeability, Phexane, of the GKSS membrane is calculated from the
slope of the linear part of Jhexane versus transmembrane pressure. Phexane of GKSS
membrane is about two times higher than of PAN/PDMS (5.9 and 3.0 lm-2h-1bar-1,
respectively). The difference might be due to the difference in the cross-linking
degree of the PDMS network and/or in the pore intrusion of PDMS. Note that the
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PAN/PDMS composite membrane used in this study is prepared at prepolymer/cross-linker ratio of 10/1. In Chapter 4, we reported the hexane flux for
the PAN/PDMS prepared at various pre-polymer/cross-linker ratios and pore
intrusions. Table 3 compares the PDMS thickness visualized by SEM and the
effective thickness of the PDMS calculated from CO2 permeability measurements,
assuming that the gas transport is completely determined by the PDMS for our
PAN/PDMS tailor-made membranes and for the GKSS membrane.
Table 3: Effective and visualized PDMS thickness, and hexane permeability of the
PAN /PDMS membranes prepared at pre-polymer/cross-linker of various ratios
and of the GKSS membrane.

Pre-polymer/cross-linker

leff(CO2)

lSEM

Phexane

ratio

(µm)

(µm)

(lm-2h-1bar-)1

10/0.7

1.9 ± 0.2

0.9 ± 0.2

4.5 ± 0.5

10/1

2.0 ± 0.2

1.0 ± 0.2

3.1 ± 0.4

10/2

2.2 ± 0.3

1.8 ± 0.3

4.1 ± 0.5

GKSS membrane

2.2 ± 0.2

2.0 ± 0.2

5.9 ± 0.8

For the PAN/PDMS composite membranes prepared at pre-polymer/cross-linker
ratios of 10/0.7 and 10/1, the difference between the effective and visualized
thickness is about 1 µm. In between the PAN support and the top layer an
intermediate layer probably exists where the PDMS penetrates into the pores of
the support. The difference in hexane permeability is due to the difference in
membrane swelling (260 and 200 % w/w, as reported in Chapter 4). For the
composite membrane prepared at pre-polymer/cross-linker ratio of 10/2, however,
the difference between the effective and visualized thickness is not as much,
indicating that the pore intrusion in this membrane is less than for the other two
composites. This might be the reason for the relatively high hexane permeability
observed for this membrane, even though the membrane swelling is less than for
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the other two membranes (about 100 %w/w, as reported in Chapter 4). A pore
confinement restricts the swelling of the PDMS network immobilized insides the
pores due to the rigidity of the support matrix.
For the GKSS membrane, the degree of cross-linking is not known. However, a
lower cross-linking degree (as for the PAN/PDMS prepared at 10/7) combined
with less pore intrusion (as for the PAN/PDMS prepared at 10/2) would lead to a
PDMS composite membrane with higher hexane permeability than our tailor-made
composites. Koike et al. [24] and Robinson et al. [23] reported also various hexane
permeabilities (4.7 lm-2h-1bar, effective thickness not revealed and 10 lm-2h-1bar,
for 2µm) through dense PDMS-based NF composite membranes. The gas
selectivity of both membranes was reported to be the intrinsic PDMS gas
selectivity, suggesting that the differences in hexane permeability might be given
by the various cross-linking degree of the silicone network or pore penetration.
For the permeation of oil/hexane solution through the GKSS membrane, the
concentration mode influences the permeate flux too, as for our PAN/PDMS
composite. For the GKSS membrane, the rigorous correction with the
concentration mode can not be done because the membrane swelling is not known
(we do not have dense, free-standing GKSS membrane to perform swelling and
partition experiments). However, for comparison, we consider the results of
swelling degree with the PAN/PDMS composite membrane prepared at prepolymer/cross-linker ratio of 10/0.7 (that has the highest hexane permeability). We
apply the same procedure as for the PAN/PDMS composites to correct Jhexane for
the concentration mode. Figure 14 presents the effect of the transmembrane
pressure on the corrected Jhexane through the GKSS membrane, at various
oil/hexane concentrations.
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Figure 14: The hexane flux through GKSS membrane as a function of
transmembrane pressure, at various oil/hexane concentrations and 24 ± 3°C.

Unlike the PAN/PDMS tailor-made membrane, the curvature of hexane flux with
the applied pressure still occurs, probably due to the membrane compaction. The
x-intercepts (at Jhexane = 0) at each concentration correspond well to the osmotic
pressure, ∆π, calculated from the van’t Hoff equation, as discussed in details in
Chapter 3.
Figure 15 shows the oil retention of the GKSS membrane as a function of
transmembrane pressure, at various oil/hexane concentrations. For the calculation
of Roil, the average of the concentration of the initial feed and the retentate was
used as the feed concentration.
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Figure 15: Oil retention for the GKSS membrane as a function of transmembrane
pressure, at various oil/hexane feed concentration, at 24 ± 3°C.
The retention of GKSS membrane is comparable with the PAN/PDMS tailor-made
membrane. In addition, in Chapter 4 we reported similar retention for the
PAN/PDMS composites prepared at various pre-polymer/cross-linker ratios. It
seems that the differences in cross-linking degree and/or pore intrusion have no
significant effect on the oil retention. Similar experimental findings are reported
by Vankelecom et al. [25] studying the effect of intrusion of PDMS in Zirfon
(polysulfone filled zirconium oxide) support layers for pervaporation of the waterethanol mixtures. For different pore intrusion depth, it was reported that the fluxes
through the composite membranes varied, while the selectivity remained the same.
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5.5. Conclusions

In this work, the tailor-made PAN/PDMS composite membrane is characterized
for the separation of oil/hexane solution at high-pressure range. Our main findings
are:
• Hexane flux increases linearly with the transmembrane pressure. No
membrane compaction occurs up to 30 bar. The separation performances at
high pressure are consistent with the low-pressure range data, indicating the
stability of the PAN/PDMS composite membranes under high pressure.
• Comparison of the results from the continuous and batch mode indicates
that no concentration polarization occurs in the system.
• The GKSS membrane shows a compaction at pressure above 20 bar which
might be due to the support membrane. The hexane permeability of the
GKSS membrane is higher than of our PAN/PDMS tailor-made composite
due to the differences in cross-linking degree and pore intrusion. Their
retention characteristics are, however, similar.
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5.6. List of symbols
B

Solute permeability (m/h)

c jf

Concentration of species j in the feed side (mole fraction)

c jp

Concentration of species j in the permeate side (mole fraction)

Dij

Diffusion coefficient through the membrane

Ji

flux of i through the membrane

Kj

Solute partition coefficient

leff.(CO2)

Effective membrane thickness (µm)

lSEM

Membrane thickness determined by SEM (µm)

MW

Molecular weight of the solute (gmol-1)

P

Hexane permeability through the membrane (lm-2h-1bar-1)

∆p

Transmembrane pressure (bar)

R

Membrane retention (%)

α CO

2

/ N2

Gas selectivity of membrane for CO2 over N2

∆π

Osmotic pressure across the membrane (bar)

υ

Molar volume (cm3mol-1)
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6
Effect of solvent and solute type on the mass transport through the
PAN/PDMS composite membrane

Abstract
This work studies the influence of the solvent and solute type on the mass transport through
the poly(acrylonitrile) (PAN)/poly(dimethylsiloxane) PDMS composite membranes. First, the
role of the solvent (toluene and hexane) in the transport of sunflower oil is investigated. The
flux of toluene through the PAN/PDMS membrane is lower than of hexane due to the higher
viscosity of toluene compared to hexane. For the oil/toluene and oil/hexane solutions, the
main parameters of the toluene/hexane transport through the PAN/PDMS tailor-made
membranes are the “apparent” viscosity inside the membrane and the membrane swelling
degree. The flux coupling for oil/toluene seems to be stronger than for oil/hexane probably
due to the higher friction of toluene. The membrane retention of oil in toluene is lower than in
hexane due to the lower toluene flux and smaller radius of gyration of oil in toluene. Osmotic
phenomena are observed for oil/hexane and oil/toluene solution and can be interpreted using
the van’t Hoff equation, indicating that they behave as ideal systems.
For tetraoctylammonium bromide (TOABr)/toluene solution, the toluene flux is not linear
with the applied pressure probably due to the concentration polarization phenomenon. The
membrane retention is found to be 100 % and (almost) no osmotic effect was depicted,
indicating the non-ideality of this system. This is probably due to ion-pairs clustering of
TOABr in toluene and the thermodynamic non-ideality of the system.
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6. 1. Introduction
The effect of the solvent and solute type on the mass transport through the
nanofiltration (NF) membrane is an important issue for many processes of
technological and scientific interests. The membrane-solvent-solute interaction is
rather a complex aspect due to the wide range of polarity, viscosity and surface
tensions for the solvents [1]. Moreover, the solvent-solute system complicates the
interaction among solvent-solute-membrane. We reported [2] that the hexane transport
through tailor-made PAN/PDMS membrane is influenced by an “apparent” viscosity
of the solution inside the membrane and the membrane swelling. Vankelecom et al. [1]
reported that the flux of various solvents (polar and non-polar) was influenced by the
solvent viscosity and its affinity for a laboratory-made PAN-poly(ester) (PE)/PDMS
membrane.
Koops et al. [3] performed permeation experiments of several solutes in ethanol and nhexane through a laboratory-made cellulose acetate membrane. They concluded that
the competition between solute-membrane-solvent interactions is important for the
mass transport. A similar conclusion was drawn by Bhanushali et al. [4] permeating
organic dyes and triglycerides in polar and non-polar solvents through a polyamide and
a silicone type NF membrane. For the solvent/solute transport mechanism through the
same membrane (STARMEM polyimide NF membrane), Scarpello et al. [5]
suggested that other effects besides sieving may be important as the same solute is
rejected to various extends in the presence of different solvents.
This work studies the influence of the solvent and solute type on the mass transport
through the PAN/PDMS composite membrane. In particular, the influence on the
separation performance of the membrane (flux and retention), on the solute-solvent
coupling effect and on the osmotic pressure is explored. First, the role of the solvent
(toluene and hexane) in the transport of sunflower oil is investigated. Then the role of
solute (sunflower oil and TAOBr) in toluene is studied.
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6.2. Experimental
6.2.1. Materials
The PAN support membrane with MWCO of 30 kDa was provided by GKSS Germany. The membrane was delivered in dry state and used without further
treatment. Its specifications are given in Chapter 2. The selective top layer of the
composite was PDMS (RTV 615 type, kindly supplied by General Electric, The
Netherlands), prepared at pre-polymer/ cross-linker ratio of 10/1. The PAN/PDMS
tailor-made composite membranes were prepared in a two-step coating procedure as
described in Chapter 2.
The toluene (Merck, The Netherlands), tetraoctylammonium bromide (TOABr,
Aldrich, The Netherlands) and the sunflower oil (Fluka, The Netherlands) were used as
supplied, without further purification. The refined sunflower oil consisted of a mixture
of triglycerides (mostly C18 with traces of C16-C20 fatty acids), of molecular weight of
around 900. Linoleic acid was the major component of unsaturated chains. Figure 1
shows the structures of the sunflower oil and TOABr.
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Figure 1: Structure of the sunflower oil and TOABr.
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6.2.2. Permeation set-up and analytical methods
All the liquid permeation experiments were performed in a dead-end filtration set-up
described in detail in Chapter 2. The permeation experiments were performed at room
temperature (24 ± 3 °C), following the protocol: the membranes were placed in the test
cells and a pre-conditioning step with pure toluene at 30 bar for 1 h was performed.
Then, the system was slowly depressurized, the toluene was removed, the solute (oil or
TOABr)/toluene solution was placed in the reservoir and new pressure was applied.
The flux through the membrane was calculated by dividing the permeate volume (in l)
by the membrane area (m2) and the collecting time (h). After each measurement, the
system was slowly depressurized, the permeate was collected and analyzed and then
returned to the feed reservoir.
The sunflower oil concentration in the feed and the permeate solutions was analyzed
by UV spectroscopy (Varian, Carry 300) at a wavelength of 295 nm. The absorbance
was measured without dilution, using a 1cm cuvette with toluene as blank.
The concentration of TOABr was determined by gas chromatography (Shimadzu GC2010 using a flame ionization detector and a Megabore column of diameter φ= 0.32
mm and length l=25 m).
Each permeation experiment was performed at least in triplicate. Values and error bars
reported in the Tables and Figures are based on at least three different membranes.
The viscosities of the solutions were measured using Ubbelhode viscometer (model
OC with an instrument coefficient of 0.0143 cSt/s) obtained from Tomson, The
Netherlands. The densities of the solutions were measured using Digital Density Meter
DMA 50, purchased from Anton Paar, The Netherlands.
6.2.3. Swelling experiments
For the swelling experiments, freestanding, thick PDMS membranes were used. They
were prepared from 75 % (w/w) PDMS/hexane solution at room temperature by mixing
the RTV A and RTV B components in 10:1 ratio. The details concerning the membrane
preparation and swelling experiments are presented in Chapter 3. In the end of the
swelling experiments, the samples were removed from the liquid solutions and dried.
From the difference between the initial and final dry weight, the concentration of the
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solute in the membrane ( c j ,membrane ) was measured and the solute partition coefficient Kj
was calculated as presented in Chapter 3.

6.3. Results and discussion
6.3.1. Viscosity of the feed solutions

Figure 2 presents the kinematic viscosities of the various solutions.
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Figure 2: Kinematic viscosity of the feed solutions used in this study.
The viscosity of the oil/toluene and oil/hexane solution increases slightly with the oil
concentration. However, the viscosity of TOABr/toluene solution increases
significantly with the TOABr concentration. This behavior was already reported by
Peeva et al. [6], suggesting that mass transfer limitations in the hydrodynamic
boundary layer may be expected in this system due to the increased viscosity. The
significant increase of solution viscosity with the TOABr concentration may be due to
the self-association of TOABr in ion-pair clusters reported in the literature [7, 8] as
will be discussed later.
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6.3.2. The influence of the solvent on separation performance
6.3.2.1. Swelling measurements with dense PDMS membrane

The swelling degree of the PDMS dense membrane in various oil/toluene and
oil/hexane solutions is an experimental measure of the affinity of silicone membranetoluene/hexane-oil system. Figure 3 presents typical results of the membrane swelling
degree (SD) and of the solvent fraction ( φ solvent ), at various oil/toluene concentrations.
For comparison, the data obtained in Chapter 3 for the oil/hexane system are
presented, too. The solvent fraction might be a better way to compare the swelling
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results of both oil solutions due to the difference in their density (note that
ρ toluene = 0.87 and ρ hexane = 0.66 gcm-3, respectively [9]).
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Figure 3: Typical results of the effect of the oil concentration upon (a) swelling degree

of PDMS dense membranes and (b) solvent fraction, at various oil concentrations.
The membrane swelling in pure toluene is high, as expected from their similar
solubility parameters ( δ toluene = 18.2 and δ PDMS = 14.9 − 15.6 MPa1/2 [9]). The membrane
swelling decreases with the increase of oil concentration, being very low in pure oil
(about 5 % as reported in Chapter 3).
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According to the Flory-Huggins solution theory, the χ interaction parameter of
PDMS–toluene is calculated (the details concerning calculation of χ are presented in
Chapter 3). Table 1 summarizes the results for toluene, hexane and oil.
Table 1: Flory-Huggins interaction parameter (χ) calculated from the SD experiments
[2].

Toluene

Hexane

Oil

χPDMS-penetrant 0.61 ± 0.02 0.58 ± 0.03 2.11 ± 0.02

For pure toluene-hexane, the χPDMS-solvent value of about 0.6 indicates a high
membrane-toluene/hexane interaction whereas the χoil value of 2.11 shows a small
interaction between membrane-oil. This indicates that the sorption of toluene-hexane
in PDMS is thermodynamically more favorable than of oil in PDMS. When toluene
and hexane are compared, the interaction parameter between PDMS-solvent is similar.

Table 2 presents the concentration of oil in the swollen PDMS membrane and the
partition coefficients calculated for oil/toluene at various concentrations. For
comparison, the data reported in Chapter 3 for the oil/hexane system, at similar oil
concentrations are presented, too.
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Table 2: Concentration inside the membrane and oil partition coefficient for the dense

PDMS membrane and oil/toluene and oil/hexane systems, at 22 °C.

Solution

Oil conc.

cmembrane

Koil

(% (w/w))

(% (w/w))

(-)

8

2.0 ± 0.2

0.25 ± 0.02

19

8.3 ± 1.0

0.44 ± 0.06

8

4.7 ± 0.3

0.59 ± 0.02

19

8.1 ± 0.6

0.43 ± 0.04

Oil/toluene

Oil/hexane

For the 8 % w/w solution, the oil concentration inside the membrane is lower for
toluene solution than for hexane solution. This indicates a decrease of oil affinity for
PDMS membrane when toluene solution is used. Interestingly, for the 19% w/w feed
solution, the oil concentration inside the membrane is similar for both oil/toluene and
oil/hexane solutions.
In the end of the swelling experiments, when the swollen PDMS samples are rinsed
with toluene and dried in the vacuum oven, the weight of the membrane does not differ
from its initial dry weight. This result shows the stability of the dense PDMS
membrane under the employed conditions.

6.3.2.2. Permeation performance

The filtration performance of the PAN/PDMS composite membrane in oil/toluene
solutions at concentration of 0 - 19 %(w/w) was systematically investigated, including
the influence of feed concentration and the effect of the transmembrane pressure upon
the separation characteristics. For comparison, some of the results of oil/hexane system
are included, too.
First, the behavior of the PAN/PDMS composite membrane at high pressure and
longer permeation time was investigated. Figure 4 shows the toluene flux through the
membrane during permeation experiments at 30 bar.
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Figure 4: Toluene flux through PAN/PDMS composite membrane as a function of

permeating time, at 30 bar and 24 ± 3°C.
The flux of pure toluene through the PAN/PDMS membrane stays constant for 14 h of
filtrations under pressure, indicating no compaction in time. In addition, no flux
hysteresis with the applied pressure was found, showing that the applied pressure does
not affect the membrane morphology. Figure 5 presents the effect of the operating
pressure on the toluene flux at various transmembrane pressures. For comparison, the
hexane flux is given as well.
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Figure 5: Toluene and hexane flux through PAN/PDMS composite membrane as a

function of transmembrane pressure, at 24 ± 3°C.
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In both cases, the linearity of Jsolvent with the applied pressure indicates that no
compaction of the membrane occurs over the applied pressure range. The solvent
permeability coefficient, P, (calculated from the slope of the plot of Jsolvent versus ∆p) is
found to be 2.0 ± 0.3 lm-2h-1bar-1 for toluene while for hexane is 3.0 ± 0.4 lm-2h-1bar-1.
The mass transport through the dense PDMS membrane can be described with the
solution-diffusion model [1, 2, 6], presented in detail in Chapter 2. Shortly, the
permeability of the penetrant through the membrane can be described by:

Permeability = Solubility × Diffusivity

Equation 1

Solubility is a thermodynamic parameter, corresponding to the amount of the penetrant
sorbed by the membrane under equilibrium conditions. Figure 3 shows that the affinity
of toluene and hexane towards the dense PDMS is similar. However, the diffusivity of
toluene through the PDMS is lower than of hexane (Table 3 shows that η toluene is higher
thanη hexane and the Stokes-Einstein equation correlates the diffusion coefficient of the
solvent to its viscosity). This experimental finding indicates that the diffusion
coefficient is more important than the sorption for the transport of toluene-hexane
through the PAN/PDMS composite membrane.
The toluene permeability reported for other silicone type NF composite are: 1.2 lm-2h1

bar-1 for PAN-PE/PDMS membrane [1] and 1.3 lm-2h-1bar-1 for the MPF-50

membrane (“silicone” based composite) [10]. For comparison, the toluene
permeability of some non-silicone NF membranes: 0.6 lm-2h-1bar-1 for a polyamide
type membrane (Desal 5, Osmonics) [4] and 1.8 lm-2h-1bar-1 for a polyimide membrane
(STARMEM™ 122, W.R. Grace&Co.) [6] (in Chapter 3 the values of Phexane reported
in literature were given).

Figure 6 presents the effect of the transmembrane pressure on the solvent flux,
corrected for the increase in concentration of the feed solution during the batch mode
permeation experiment. The correction procedure is presented in detail in Chapter 5.
Shortly, the solvent flux is corrected for the changes in feed viscosity, membrane
swelling and osmotic pressure.
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Figure 6: Corrected solvent flux through PAN/PDMS composite membrane as a

function of transmembrane pressure for various oil/solvent concentrations, at 24 ±
3°C.
Osmotic phenomena similar to those reported for oil and PIB/hexane solutions in
Chapter 3 are found. Figure 6 allows the quantification of the x-intercepts (at
Jsolvent = 0) for each oil/solvent concentration which can be compared with the osmotic
pressures, ∆π, calculated using the van’t Hoff equation:

∆π =

Rg T∆c
M

Equation 2

∆c is the solute concentration difference across the membrane and M is the solute
molecular weight. The x-intercepts are again in very good agreement, within
experimental error, with those of ∆π of Equation 2 (x-intercept/calculated ∆π value:
for 8% w/w, 1.1 bar/1.3 bar, for 19% w/w, 2.5 bar/2.7 bar). The van’t Hoff equation is
applicable in oil/toluene solutions due to the relative low feed concentrations (0.080.18 mol/l). Therefore, it looks as the oil/toluene and oil/hexane solutions behave as
ideal systems concerning the osmotic phenomena.

165

The toluene permeability coefficient at various feed concentrations (calculated from
the slopes of the graphs of Figures 5 and 6) decreases with the increase of oil
concentration (see Table 3). This is due to the increased viscosity of the feed solution
with oil concentration.
For oil/hexane solutions, we reported that the main parameters affecting the hexane
permeability through the PAN/PDMS are an “apparent” viscosity and membrane
swelling [2]. It remains open whether the toluene permeability can be normalized for
these parameters, too.
Table 3: Parameters concerning the transport of oil / solvent solutions through the

PAN/PDMS composite membranes, at 24 ± 3°C.

Solvent

Toluene

Hexane

Oil conc.

a
η apparent

Psolvent

φ solvent

Pη apparent / φ solvent

(% (w /w))

(cSt)

(lm-2h-1bar-1)

(-)

(l cSt m-2h-1bar-1)

0

0.61 ± 0.02

2.0 ± 0.3

0.73 ± 0.07

1.7 ± 0.2

8

0.72 ± 0.01

1.6 ± 0.2

0.70 ± 0.06

1.6 ± 0.2

19

0.89 ± 0.01

1.1 ± 0.2

0.64 ± 0.07

1.5 ± 0.2

0

0.48 ± 0.02

3.0 ± 0.4

0.77 ± 0.08

1.8 ± 0.3

8

0.57 ± 0.01

2.3 ± 0.3

0.73 ± 0.06

1.8 ± 0.3

19

0.63 ± 0.01

1.7 ± 0.4

0.69 ± 0.07

1.6 ± 0.2

a

kinematic viscosity measured at 24 ± 3°C (with Ubbelohde viscometer, from

b

Tamson, The Netherlands).
calculated from the swelling experiments, assuming φ solvent + φ PDMS = 1 .

The “apparent” viscosity inside the membrane is estimated from the concentration of
oil in a hypothetical solvent/oil phase inside the membrane for the dense PDMS
membranes (results of partition experiments of Table 2) and the plots of viscosity
versus oil/toluene and oil/hexane concentration (data of Figure 2). For the swelling
degree, the results of Figure 3 concerning the dense PDMS membranes are used.

Table 3 shows that for various oil/solvent concentrations, the normalized Psolvent values
do not differ significantly. If we assume the solution-diffusion model to hold for this
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system, then we can interpret the solvent viscosity as a measure for the diffusion
coefficient of solvent inside the silicone network and swelling as a measure for the
solubility. However, the solvent/solute flux equations used in solution-diffusion model
(described in details in Chapter 2) disregard the interaction between the solvent and
solute. The effect of flux coupling of solvent-solute was experimentally depicted when
permeating the oil and PIB solutions in hexane, at low and high applied pressure. The
dragging effect was found to be influenced by the membrane swelling, the solute size,
the concentration of feed solution (Chapter 3 and 5), and the cross-linking degree of
PDMS network (Chapter 4). It would be interesting to study the influence of solvent
on the permeability coefficient of oil too. Figure 7 shows the effect of Jsolvent on the Joil
at feed concentration of 8 % w/w oil/solvent solution.
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Figure 7: Oil flux as a function of the solvent flux at feed concentration of 8 % w/w.
For the same toluene/hexane-oil solution concentration, the oil flux increases with the
solvent flux, indicating a flux coupling of solvent-oil system (solvent induced solute
dragging). Interestingly, the coupling (dragging) seems to be more significant for the
toluene-oil than for the hexane-oil system although the concentration of oil inside the
membrane is lower for the toluene than for the hexane solution (Table 2). For the
solute/solvent-membrane system, the dragging effect depends on the membrane
swelling, the concentration of the solute, size of the solute, the solute-solvent affinity
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and the viscosity of the solvent. The solubility of toluene and hexane in the dense
PDMS membrane seems to be, however, similar when the results of the swelling
experiments are compared (Figure 3). A good parameter to describe the solute size is
the Stokes radius [3]. However, the Stokes radiuses of oil in toluene and of oil in
hexane are similar, 1.72 and 1.98 × 10-10 m, respectively (calculated by using the
Stokes Einstein equation). The dragging of solute by solvent would be larger when
solute (oil) and solvent have a high affinity (similar solubility parameters). However,
the difference in solubility parameter between oil (δoil=16.0 MPa1/2, calculated with the
group contribution method [11], considering linoleic acid as the main component of
the oil) and hexane (δhexane=14.9 MPa1/2 [9]) is lower than between oil and toluene
(δtoluene=18.2 MPa1/2 [9]). This indicates a higher affinity of oil towards hexane
compared to toluene. So the membrane swelling, the size of the oil and the oil-solvent
affinity can not explain the experimental findings of Figure 7.
The difference in the solvent viscosity might be a probable cause for the larger
dragging of oil by toluene. For toluene, the viscosity is 0.61 cSt and for hexane, 0.48
cSt. The larger viscosity for toluene implies a higher friction between the toluene
molecules. Therefore, toluene might drag along more oil molecules than hexane.

Figure 8 shows the effect of solvent on the oil permeability coefficient for 8 % w/w
oil/solvent solution.
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Figure 8: Effect of Jsolvent upon normalized oil permeability coefficient, for 8 % w/w

oil/toluene and oil/hexane concentration.
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The oil coefficient, Boil, was calculated by using the solution-diffusion equation that
describes the flux of oil, Joil, through the membrane (presented in Chapter 5). We
already showed that using the approximation to calculate Boil generates large error,
especially at high pressure. Therefore, we used the extended equation that takes into
account the influence of the transmembrane pressure and of the solute molar volume
on Joil through the membrane. The Boil normalized was calculated by extrapolating the Boilvalue to zero solvent flux, B0 (intercept with the y-axis). Then the Boil-value for
toluene and hexane systems was divided by B0. So we can study directly the effect of
the solvent on the solvent-induced solute dragging.
The Boil normalized for the 8 % w/w oil/toluene solution is higher than for the 8 % w/w
oil/hexane solution, as expected from the results of Figure 7. This indicates a stronger
flux coupling between oil/toluene compared to oil/hexane. The presence of toluene or
hexane might influence the permeability coefficient of oil through the PDMS
membrane due to the change in the overall friction in the system. This overall friction
results from frictional forces between solvent and oil, between solvent and membrane,
and between oil and membrane. The resulting flux coupling of oil/toluene might be
influenced stronger by this overall friction than that of oil/hexane because η toluene is
higher thanη hexane . Figure 9 shows the effect of transmembrane pressure on the oil
retention at the 8 % and 19 % (w/w) oil/toluene solutions. For comparison, the results
of oil/hexane are plotted, too.
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Figure 9: Oil retention by the PAN/PDMS composite membrane as a function of
transmembrane pressure, for 8 and 19% (w/w) oil/toluene and oil/hexane solutions.
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For 8 % w/w oil/toluene solution, the membrane retention increases slightly with the
applied pressure (from 73 until 79%). When the pressure increases, the increase of
toluene flux is much higher than the relative increase of oil flux leading to increase of
retention (Figure 7). Similar results were reported in literature for various
solute/solvent systems [2-5]. Interestingly, at 19 % w/w oil/toluene solution, the
membrane retention is significantly lower compared to the membrane retention at 8%
w/w feed. At 19 % w/w oil/toluene solution, a slight effect of concentration
polarization may be expected since the calculated Reynolds number (Figure 12, details
about the calculations of Re number are given later) indicates that the flow is in the
transition regime of flow from laminar to turbulent. However, it does not have a
significant effect on the Jtoluene (Figure 6).
The membrane retention is lower for the oil/toluene solutions than for the oil/hexane
solutions. Possible causes for this behavior may be the difference in the membrane
swelling, the physico-chemical characteristics of oil in toluene and hexane, the
viscosity of solvents and the dragging effect. However, the membrane is equally
swollen in toluene and hexane and the Stokes radiuses of the oil in toluene and hexane
are rather similar, 5.99 and 6.65 × 10-10 m. A smaller radius of gyration for oil
molecules is expected in hexane compared to toluene due to the larger difference in the
solubility parameters between oil/toluene and oil/hexane (as discussed above). This
may decrease the membrane retention for the oil/toluene system. The larger viscosity
of toluene implies a lower diffusivity of toluene molecules through the PDMS than for
hexane, decreasing the membrane retention as well. In addition, it seems that the flux
coupling is stronger for oil-toluene than for oil-hexane (Figure 7). All the above
parameters may lower the membrane retention for the oil/toluene system compared to
the oil/hexane system.
The results mentioned above show clearly that the solvent has a strong effect on the
permeation characteristics of the PAN/PDMS composite membrane.
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6.3.3. The influence of the solute on separation performance

For the TOABr-toluene, the viscosity of solution increases significantly with
concentration (Figure 2) and the existence of mass transfer limitation might be,
therefore, expected [6]. Figure 10 shows the effect of transmembrane pressure on
Jtoluene through the PAN/PDMS composite membrane, at various TOABr/toluene
concentrations. For comparison, the Jtoluene of oil/toluene solution at 8 % w/w is given
too.
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Figure 10: (a) Toluene flux as a function of transmembrane pressure at various

TOABr/toluene concentrations, at 24 ± 3°C, and (b) zooming in at low-pressure range.
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Figure 10 shows that the toluene flux through the PAN/PDMS composite increases
significantly with pressure at low-pressure range and then a plateau is reached.
This behavior is markedly different from that observed for oil/toluene solution where
the toluene flux increases linearly with the applied pressure. In addition, Figure 11
shows that the membrane retention for TOABr is 100%, at all the applied pressures
and feed concentrations.
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Figure 11: TOABr retention by the PAN/PDMS composite membrane as a function of

transmembrane pressure, for 8 and 20% w/w TOABr/toluene solutions.
The solubility parameter of TOABr is significantly different than that of oil, toluene
and PDMS ( δ TOABr = 22.0 , δ oil = 16.0 δ toluene = 18.2 and δ PDMS = 14.9 − 15.6 MPa1/2,
respectively) [9, 11, 12]. Unfavorable interactions exist between TOABr-toluene and
TOABr-PDMS when compared to oil-toluene and oil-PDMS. Interestingly, by the end
of the partition experiments, a deposition of TOABr was observed on the PDMS dense
membrane that appears to stick to the membrane surface, generating large errors in the
measurement (note that the concentration of TOABr is below the solubility limit of
TOABr in toluene [13]). In addition, TOABr may associate in dimeric or polymeric
ion-pairs species in toluene due to its specific chemical structure (Figure 1). The
polymerization of tetraalkylammonium salts in various organic solvents (including
toluene) was already reported in literature [7, 8]. The authors stated that no
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dissociation of ion pairs was observed because of the low relative permittivity of
toluene.
The non-linearity of toluene flux with pressure could be also attributed to the
concentration polarization at higher pressure. The membrane retention for TOABr is
100%, which increases the build up of the solute in the boundary layer during
permeation experiments. For the stirred batch cell, the Reynolds number (Re) can be
estimated by [3, 14]:

Re =

ωr 2
η

Equation 3

where ω is the stirrer speed (rad/s), r is the radius of the stirred batch cell (m) and η is
the kinematic viscosity of the solution (m2/s). The value of Re indicates the flow
regime. Reddy et al. [14] reported a turbulent flow for 32000<Re<82000, transition
from laminar to turbulent flow for 8000 <Re<32000 and laminar flow for Re<8000.

Figure 12 shows the variation of Reynolds number with solute concentration, for
various initial feed solutions used in this study.
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Figure 12: Variation of Reynolds number with solute concentration, for various

solute/solvent systems used in this study.
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For TOABr/toluene solutions, the Re number indicates a hydrodynamic condition
located in the transition regime (at 8% w/w TOABr/toluene feed solution) and laminar
(at 20 % w/w TOABr/toluene feed solution), respectively and, hence, the concentration
polarization phenomena may be important in these systems.
Interestingly, when Jtoluene versus pressure is zoomed in at low-pressure range (Figure

10 b), almost no osmotic pressure effect can be observed. Table 4 presents the
comparison between the calculated osmotic pressure by Equation 2 and the the xintercepts of the plots of Jtoluene versus transmembrane pressure of Figure 10b.
Table 4: Comparison between the ∆π calculated by the van’t Hoff equation and the x-

intercepts of the plots of Jtoluene versus transmembrane pressure of Figure 10b.
TOABr conc. ∆πcalculated x-intercept
(% w/w)

(bar)

(bar)

8

3.0

0.3

19

8.0

1.3

Table 4 shows that the x-intercepts are significantly lower that the calculated osmotic
pressures. TOABr may associate in dimeric or polymeric species in toluene due to its
ion-pairs structure [7, 8]. Therefore, the “effective” concentration of the associated
species decreases and the molecular weight increases, both decreasing the osmotic
pressure value as predicted by Equation 2. This hypothesis may be supported by the
significant increase of the viscosity of TOABr/toluene solutions with concentration
(Figure 2). In addition, the fact that the osmotic pressure is significantly lower than
expected from the van’t Hoff equation may be attributed to the non-ideality of the
TOABr/toluene system [6, 15]. The authors reported very high membrane retention for
TOABr (~99%) using polyimide membranes, too. It is interesting to compare our
values for the membrane permeabilities with those reported by Peeva et al. (the Ppermeate
is calculated from the linear part of the plot of Figure 10) using STARMEM™ 122, a
polyimide nanofiltration membrane and a cross flow permeation set up.
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Table 5: Comparison of Ppermeate measured in this study with a PAN/PDMS composite

membrane with Ppermeate reported in [6] with a polyimide membrane.
Ppermeate (lm-2h-1bar-1)

TOABr conc.
(mol/l)

This study

Peeva et al.[6]

0

2.0 ± 0.2

1.8

0.3

0.8 ± 0.1

1.7

The values are similar for toluene, but they differ significantly for the 0.3 mol/l
TOABr/toluene solution. This could be attributed to difference in the type of
membrane and experimental set up.
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6.4. Conclusions
Studying the influence of the solvent and solute on the mass transport through the
tailor-made PAN/PDMS membranes the following conclusions can be drawn:
• Toluene and hexane flux increases linearly with the applied pressure, showing
that no compaction effect occurs within the studied pressure range. Toluene flux
is lower than hexane flux through the PAN/PDMS membrane due to the higher
viscosity of toluene compared to hexane.
• For the oil/toluene and oil/hexane solutions, the solvent permeability decreases
with the concentration of feed due to the increase of the feed viscosity and
osmotic pressure.
• An “apparent” viscosity inside the membrane and the membrane swelling are the
most important parameters governing the solvent (toluene and hexane) transport
through the PAN/PDMS composite membrane.
• The flux coupling for oil-toluene is stronger than for oil-hexane probably due to
the higher friction of toluene with the oil molecules.
• The membrane retention of oil in toluene is lower than in hexane due to the lower
toluene flux and smaller radius of gyration of oil in toluene. TOABr retention is
100% for all the applied pressure.
• Osmotic phenomena are observed for oil/hexane and oil/toluene solution and can
be interpreted using the van’t Hoff equation, indicating that they behave as ideal
systems. For TOABr/toluene, the osmotic pressure found is significantly lower
than estimated by the van’t Hoff equation. This is probably due to ion-pairs
clustering of TOABr in toluene and the non-ideality of the system.
• For TOABr/toluene and the PAN/PDMS membrane, the toluene flux is not linear
with the applied pressure, probably due to the concentration polarization
phenomenon.
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6.5. List of symbols

Boil

Oil permeability coefficient (m/h)

cj

Concentration of species j (% w/w)

D

Diffusion coefficient (m2/h)

Ji

Flux of species i through membrane (lm-2h-1)

k

The Boltzmann coefficient (J/K)

K

Partition coefficient

MW

Molecular weight of the solute

P

Solvent permeability through the membrane (lm-2h-1bar-1)

R

Membrane retention

rS

the Stokes radius (m)

SD

membrane swelling degree (%)

t

Time (h)

T

Temperature (K)

V

Molar volume (m3/mol)

Greek symbols

χ

Interaction parameter

φsolvent

The solvent volume fraction(-)

δ

Solubility parameter (MPa1/2)

∆p

Transmembrane pressure (bar)

∆π

Osmotic pressure difference across the membrane (bar)

η

Viscosity (cSt)
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7
Preparation and characterization of a composite membrane with
PEO-PDMS-PEO as selective layer

Abstract

Nanofiltration (NF) membranes are prepared by dip coating of a cross-linkable
polyethylene oxide (PEO)-poly(dimethyl siloxane) (PDMS) triblock copolymer on a
polyacrylonitrile (PAN) support. The selective top layer of the composite is a UV-cured
α,ω dimethacryloyl PEO-PDMS-PEO block copolymer. The chemical composition of the
copolymer is studied by Fourier transform infrared spectroscopy (FTIR) and its
molecular weight is determined by Gel permeation chromatography (GPC). Swelling and
contact angle measurements confirm the hydrophilic character of the PEO-PDMS-PEO
membrane compared to the PDMS membrane. The fluxes of gases and solvent through
the PAN/PEO-PDMS-PEO composite membrane are found to be lower compared to
PAN/PDMS composite membrane, probably due to the lower molecular weight (MW) of
PDMS segment of the polymer chain and/or the quality of composite (pore intrusion). A
linear correlation between the fluxes of 5 solvents through the hydrophilic and
hydrophobic PDMS-based NF composite membrane and membrane swelling/solvent
viscosity is found.
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7.1. Introduction
Siloxane-based NF membranes are high performance materials with good
chemical and thermal stability, exhibiting high fluxes for the non-polar liquid,
however, having low fluxes for the polar solvents [1-5]. To overcome this
disadvantage, the preparation of block copolymers containing a polar PEO
segment and a non-polar PDMS segment would be a good approach to tune the
solvent flux through the membrane. Various degrees of hydrophilicity of the PEOPDMS-PEO copolymer can be obtained by changing the MW of segments, and/or
the PEO/PDMS ratio and/or the polymer topology (block or graft copolymers) [6].
Metz et al. [7] already pointed out the importance of some of these parameters for
PEO/poly(butylenes terephthalate) (PBT) block copolymer used for gas and water
vapor permeation. So far, the correlation between the morphology of high MW
PEO-PDMS copolymer and their gas permeation was studied [8]. However, no
systematic study with respect to the liquid permeation under pressure is yet done.
Recently, the transport mechanism of the organic solutions through the NF
membranes has received a lot of attention [1-3,9-12]. Three main transport models
have been used in the NF literature: the solution-diffusion model [4, 9, 10, 13],
Spiegler-Kedem model [1, 11] and the pore flow model [3, 12]. The solutiondiffusion model assumes that the transport through the dense, non-porous PDMS
takes place by penetrant solvation into the membrane and its diffusion through the
membrane. The separation is achieved due to the differences in solubility and/or
diffusivity of the penetrants. In contrary, the pore model considers that the
membrane contains “pores” or free volume elements of Angstrom-dimension
which cause the transport of the species through PDMS, with solution viscosity
and membrane thickness being the parameters controlling the mass transport. The
Spiegler-Kedem model assumes that the solute flux is a combination of diffusion
and convection. Bhanushali et al. [3] reported that parameters such as the molar
volume of the solvent, surface energy and sorption determine the mass transport of
various solvents through a silicone and a polyamide type of membrane. However,
Machado et al. [2] found no correlation between the solvent flux and molecular
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volume of various organic solvents (polar and non-polar) for the MPF-50, a
commercially available silicone membrane. Only solvent viscosity and surface
tension of membrane determined solvent permeation. Other studies [4, 13]
reported on the dependence of the solvent flux on the membrane swelling and on
the solvent viscosity.

In spite of the performed studies, the exact transport

mechanism is still a big point of discussion. Its unified approach is rather complex
since organic solvents have a wide range of polarity, viscosity and surface tensions
[4]. In addition, the solvent-solute-membrane interactions are very complex, too
[1, 11]. Unfortunately, most of the existing membranes have been performed on
the commercially available membranes, the exact physico-chemical properties of
which are not completely known. In a different approach, we prefer to start from a
well-known, thoroughly characterized, tailor-made composite membrane. We
reported [Chapter 3, 5, and 6] that the solution-diffusion model might describe the
transport of hexane and toluene through the PAN/PDMS composite membranes of
various cross-linking degree if the model allows for a solvent flux-dependent
solute permeability (solvent induced solute dragging). Within the current study we
outline the correlation between the material/penetrant properties and permeation
performance for two PDMS-based NF membranes.
We focus our study on the PDMS-based NF membrane with two complimentary
aims:
• To

prepare

and

characterize

a

PAN/PEO-PDMS-PEO

composite

membrane. The characterization of the PEO-PDMS-PEO membrane by
FTIR, DSC, swelling, gas and solvent permeation experiments with special
emphasis on the comparison of its features with the ones of the PAN/PDMS
composite membrane.
• To check whether the solvent viscosity and membrane swelling are
responsible for the solvent flux through the PDMS-based NF membranes.
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7.2. Experimental
7.2.1. Materials
The α,ω-dihydroxy PEO-PDMS-PEO block copolymer (ABA type, Q 3669, with
PEO/PDMS content of 52/48 % w/w) was kindly supplied by Dow Corning, UK.
Methacrylic anhydride (94%) was obtained from Aldrich, The Netherlands. 4-

Dimethylaminopyridine (DMAP, 99%) was purchased from Fluka, The
Netherlands. The photoinitiator, Darocur 4265, was obtained from Ciba, The
Netherlands. The PAN support membrane with a MWCO of 30 kDa was provided
by GKSS Forschungszentrum, Germany. The membrane was delivered in dry state
and used without further treatment. The selective top layer of the composite was a
UV-cured

α,ω-dimethacryloyl

PEO-PDMS-PEO

block

copolymer

film.

Tetrahydrofuran (THF), n-hexane, n-heptane, toluene, isopropanol, ethanol and
methyl ethyl ketone (MEK) (Merck) were used as supplied, without further
purification.
7.2.2. Acylation of PEO-PDMS-PEO
Figure 1 shows the structure of a commercially available α,ω-dihydroxy PEOPDMS-PEO triblock copolymer used in this study. Because we would like to
prepare PEO-PDMS-PEO membrane, the copolymer needs to have cross-linkable
functionality. We chose to introduce methacrylate (MA) functional groups, which
are specifically suitable for UV curing. Therefore, the following acylation reaction
was performed to convert the OH-terminated PEO-PDMS-PEO copolymer into
the MA-terminated copolymer. Figure 1 shows the acylation reaction steps.
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Figure 1: Synthesis of a UV-curable PEO-PDMS-PEO copolymer.
The acylation reaction of α,ω-dihydroxy PEO-PDMS-PEO with methacrylic
anhydride was conducted according to [14]. The PEO-PDMS copolymer (18 g or
1·10-2 mol OH estimated) was stirred in a mixture of THF (90 ml) and DMAP (0.6
g or 4.9·10-3 mol) with an excess of methacrylic anhydride (6.4 g or 4·10-2 mol).
The mixture was stirred for 72 h to assure complete conversion. The reaction
mixture was concentrated on a rotary evaporator and precipitated in n-heptane
(400 ml). Traces of n-heptane were removed under vacuum.
7.2.3. Membrane preparation
The free-standing, thick PEO-PDMS-PEO membrane was prepared by casting a
mixture

of

α,ω-dimethacryloyl

PEO-PDMS-PEO

block

copolymer

and

photoinitiator on a glass plate, at room temperature (the photoinitiator is activated
by UV light to form radicals which start the polymerization reaction). The glass
plate was then placed in a UV-exposure chamber equipped with two Philips TLD
15/05 lamps (15W, wave length of 366 nm). The chamber was first flushed with
N2 for 1 h (to remove oxygen) and then UV irradiation was performed for 2 h.
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CH2

The PAN/PEO-PDMS-PEO tailor-made composite membranes were prepared via
dip-coating. The PAN support was glued on a glass plate with PVC tape and
briefly immersed in a vessel containing n-hexane to fill the pores. This was done
to avoid pore intrusion of the PEO-PDMS-PEO during the dip coating process
(more details concerning the prevention of pore intrusion are presented in Chapter
2). Afterwards, the excess of hexane from the PAN surface was removed with a
roller. Then, the hexane impregnated PAN support was dipped in a vessel
containing the PEO-PDMS-PEO/methanol solution with concentration of 20 %
w/w and the photoinitiator. The composite membrane was then placed in a UVexposure chamber and a similar UV-treatment as for the dense PEO-PDMS-PEO
membrane was applied.
7.2.4. Membrane characterization
The characterization of chemical composition of the PEO-PDMS-PEO membranes
was performed on an FTIR (Bio-Rad FS60). A GPC (Waters 515, using THF as
solvent) was used to determine MW of the copolymer before and after the
acylation reaction. For differential scanning calorimetry (DSC) measurements
(Perkin-Elmer DSC 2 apparatus) the samples (1 mg) were scanned from -140 to 30
ºC by a heating rate of 30 ºC/min. Scanning Electron Microscopy (SEM, Jeol
JSM-5600LV, at 5 kV) was used for the investigation of morphology of the
PAN/PEO-PDMS-PEO composite membrane, following the procedure described
elsewhere (Chapter 2).
The measurement of the swelling degree of the dense PEO-PDMS-PEO membrane
was performed following the procedure described in Chapter 2. The membrane
swelling is expressed as the volume fraction of solvent in the swollen polymer:
1 − wsolvent

φ solvent = 1 −

ρ polymer

wsolvent

ρ solvent

+

1 − wsolvent

Equation 1

ρ polymer
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where wsolvent is the mass fraction of solvent in the swollen polymer, ρ polymer is the
density of the PEO-PDMS-PEO (1.05 gcm-3 [15]) and ρ solvent is the density of the
solvent taken from [16].
The contact angle of the composite membrane was measured by placing a small
drop of water on the membrane with a syringe (Dataphysics Contact Angle System
OCA 15 plus). A video camera recorded the drop, while the tangent at the point
where the drop contacted the solid surface was calculated with SCA 20 software.
Five drops of water were measured for each surface, and the average value was
calculated.
The quality of the composite membrane was assessed by performing single gas
permeation measurements with N2 and CO2, using the set-up and procedure
described in Chapter 2.
The transport of various solvents through the PAN/PEO-PDMS-PEO composite
membranes was studied at room temperature (22 ± 3 °C), with the set-up and
protocol described in Chapter 2.

7.3. Results and discussion
7.3.1. Characterization of the PEO-PDMS-PEO dense membrane
FTIR analysis was used to determine the extend of acylation reaction. Figure 2
shows a comparison of the spectra of PEO-PDMS-PEO copolymer, before and
after the acylation reaction.
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Figure 2: FTIR spectra of the PEO-PDMS-PEO copolymer before and after
acylation.
Both spectra show similar peaks with the exceptions of the characteristic peak of
the OH group at 3500 cm-1 (before acylation) and of the characteristic peak of the
C=O group at 1720-1780 cm-1 (after acylation). The absence of the OH peak after
acylation indicates the completeness of the acylation reaction.
Figure 3 shows the FTIR spectra of the dense, freestanding PEO-PDMS-PEO
membrane. For comparison, the spectra of the dense PDMS are presented too.
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Figure 3: FTIR spectra of the dense PEO-PDMS-PEO and PDMS membranes.

188

Both FTIR spectra show the typical peaks of a silicone polymer: the peak (a)
corresponding to the -CH3 stretch at 2965 cm-1, the peaks (c, e) corresponding to
the Si-CH3 bond at 1260 and 750-865 cm-1, the peak (d) corresponding to the
broad polymer backbone band Si-O-Si between 1130 – 1000 cm-1. The main
difference between the spectra of the PDMS membrane and the spectra of the
PEO-PDMS-PEO membrane is the peak (b) corresponding to the C=O signal due
to the incorporation of MA group. The peak of C-O bond from PEO contribution
at 1260 cm-1 might be masked by the higher intensity of the Si-CH3 peak.
Figure 4 presents a typical result of the GPC analysis for the PEO-PDMS-PEO
copolymer before and after the acylation reaction. The similar results for the
copolymer obtained before and after the acylation reaction indicate that the
acylation reaction does not influence the MW of copolymer.
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Figure 4: MW of the PEO-PDMS-PEO copolymer determined by GPC (a) before
and (b) after acylation.
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The GPC spectrum shows a peak of 3750 gmol-1 corresponding to the PEOPDMS-PEO block copolymer and a peak of 850 gmol-1, indicating, probably,
some traces of low molecular weight polymer. From the GPC results and the
composition of copolymer given by the supplier (PEO/PDMS content of 52/48 %
w/w), an estimation of MW of PEO of about 975 gmol-1 and of PDMS of about
1800 gmol-1 is obtained. This indicates that the PEO phase may be in the noncrystalline phase due to its low molecular weight.
The DSC data were collected from the first heating of the PEO-PDMS-PEO dense
membrane. A typical DSC thermogram (Figure 5) shows the following thermal
transitions: a glass transition temperature (Tg) located at about -80 ºC which might
correspond to the copolymer phase (note that Tg of PDMS is -123ºC and of PEO is
between (-115)-(-40) ºC, depending on the MW [15-19]) and a melting
temperature (Tm) at -50 ºC of the PDMS crystallites. The Tm of PDMS is rather
close to the value reported in literature (range of (-55) - (-45), ºC respectively)
[16].
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Figure 5: Heating curve of a dense PEO-PDMS-PEO membrane.
Swelling experiments of the dense membranes were performed in hexane, toluene,
MEK, isopropanol, and ethanol. The solvents were chosen in order to study the
influence of various physical properties of the solvent on the membrane-solvent
interaction. The membrane-solvent interaction was reported to vary with changes
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in solvent properties such as dielectric constant or viscosity [1-3, 13]. Table 1
summarizes some of the relevant physical properties of various solvents used in
this study.
Table 1: Relevant physical properties of various solvents used in this study [16].
Dielectric

Kinematic

constant

viscosity

(-)

(cSt)

Hexane

1.9

0.49

Toluene

2.4

0.66

MEK

15.4

0.53

Isopropanol

18.3

2.56

Ethanol

24.3

1.37

Solvent

Table 2 shows the results of the swelling experiments of the dense PEO-PDMSPEO membrane in various solvents. Because the solvents have various densities, a
better way to express the swelling degree is the solvent volume fraction. For
comparison, the data of swelling of the dense PDMS membrane in similar solvents
is given, too.
Table 2: Swelling degree of the dense PEO-PDMS-PEO and PDMS membrane in
various solvents.

Membrane

φ solvent (-)
Hexane

Toluene

PEO-PDMS-PEO 0.17 ± 0.02 0.20 ± 0.02
PDMS

0.77 ± 0.07 0.73 ± 0.08

Isopropanol

MEK

Ethanol

0.44 ± 0.03

0.51 ± 0.06 0.79 ± 0.06

0.30 ± 0.03

0.39 ± 0.04 0.11 ± 0.01

For PEO-PDMS-PEO dense membrane, the solvent fraction increases significantly
with the polarity of the solvent, being the highest for ethanol (100%), indicating a
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higher affinity towards the polar solvents. In contrast, dense PDMS membranes
show the highest volume fraction in hexane, confirming its high affinity for the
non-polar solvents as already reported in literature [16]. These results imply that
the new PEO-PDMS-PEO membrane is more hydrophilic than the PDMS
membrane only.
In the end of the swelling experiments, when the swollen samples are dried in the
vacuum oven, the weight of the membrane does not differ from its initial weight,
giving evidence of membrane stability under the employed conditions.
Table 3 shows the contact angle values (θ) of the PAN/PEO-PDMS-PEO
composite membrane. For comparison the contact angle values obtained with the
PAN/PDMS composite membrane are given, too.
Table 3: Contact angle for water of the PDMS-based composites.

θ, (°)

PAN/PEO-PDMS-PEO

PAN/PDMS

70 ± 10

105 ± 8

The results show that the top layer of the PAN/PEO-PDMS-PEO composite
membrane becomes more hydrophilic than of the PAN/PDMS composite
membrane when PEO segments are present. It is worth mentioning that the
measured PDMS value is in agreement with data already reported (range of 95113 °) [16].
7.3.2. Gas permeation properties of the PAN/PEO-PDMS-PEO composite
membrane
The SEM pictures for different membranes confirm the composite morphology of
the PAN/PEO-PDMS-PEO membrane, with a very thin PDMS-PEO-PDMS top
layer (of about 0.4 µm). Note that the effective thickness of the PAN/PDMS
composite membrane is about 2 µm (Chapter 3).
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Table 4 shows the effect of the PEO segment on the gas transport properties, (P/l)
of N2 and CO2 and the selectivity of CO2/N2 ( α CO / N ) of PAN/PEO-PDMS-PEO
2

2

and PAN/PDMS composite membrane.
Table 4: Gas transport properties, P/l, and α CO

2

/ N2

of PAN/PEO-PDMS-PEO and

PAN/PDMS composite membrane.

Membrane

α CO

(P/l)N2

(P/l)CO2

10-6cm3(STP)(cm)-2s-1(cmHg)-1

10-6cm3(STP)(cm)-2s-1(cmHg)-1

(-)

0.3 ± 0.1

4.1 ± 0.7

13.7 ± 1.9

16.0 ± 2.3

171.0 ± 24.0

9.8 ± 1.4

PAN/
PEO-PDMS-PEO
PAN/PDMS

2

/ N2

For the PAN/PEO-PDMS-PEO composite membrane, the (P/l) of N2 is 53 times
lower than through the PAN/PDMS, while the (P/l) of CO2 is 42 times lower. It
seems that the addition of PEO segment to the PDMS segment led to a severe
decrease of (P/l) value of both gases. The gas transport through a dense membrane
depends on the solubility of gas in the membrane material and its diffusivity
within the membrane. For PDMS homopolymer, the high intrinsic permeability of
CO2 (3200 × 10-10cm3(STP)cm(cm)-2s-1(cmHg)-1) [ 16] is a consequence of its high
solubility and of the high flexibility of the PDMS chains. The PEO-PDMS-PEO
block copolymer consists of both segments, PEO and PDMS. Nevertheless, the
intrinsic
10

permeability

of

CO2

of

the

PEO

homopolymer

(143

× 10-

cm3(STP)cm(cm)-2s-1(cmHg)-1, estimated at 35ºC) [17] is much lower than of the

PDMS homopolymer. Therefore, a lower permeability of CO2 is expected for the
PEO-PDMS-PEO copolymer than for the PDMS homopolymer. In addition, the
morphology of the polymer is important as well. For the PEO-PDMS-PEO
copolymer, the molecular weight of the siloxane segment is around 1800 gmol-1
(GPC data and the PEO/PDMS ratio given by the supplier). For the dense PDMS
membrane, the average molecular weight is 35500 (GPC data reported in Chapter
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4). This difference implies a decrease in the flexibility of the polymer chains,
hence, decreasing the gas flux through the polymer. Similar findings were reported
in other studies [20, 21] involving pervaporation with the dense PDMS of various
molecular weights.
For the PAN/PEO-PDMS composites, the CO2 selectivity over N2 is higher than
the intrinsic PDMS selectivity probably due to the higher affinity towards CO2
(PEO-PDMS-PEO copolymer has a more polar character than the PDMS
homopolymer due to the presence of the PEO segment) [17].

7.3.3. Solvent permeation characteristics of the PAN/PEO-PDMS and
PAN/PDMS composites

The flux of hexane, toluene, MEK, isopropanol and ethanol through the
PAN/PEO-PDMS-PEO composite membrane was measured at transmembrane
pressure of 30 bar. For comparison, the flux of these solvents through the
PAN/PDMS composite membrane was measured as well. In Chapters 3-6, we
reported that the swelling degree and the viscosity were the most important
parameters affecting the mass transport of hexane and toluene through the
PAN/PDMS tailor-made membrane of various cross-linking degrees. It would be
interesting to see if the solvent flux through the PAN/PEO-PDMS-PEO composite
membrane can be can be normalized, too. Figure 6 shows the effect of membrane
swelling and solvent viscosity on solvent permeability (obtained by dividing the
solvent flux through the composite membrane over the applied pressure) for both
composite membranes, PAN/PEO-PDMS-PEO and PAN/PDMS membrane. For
the normalization, data of Table 1 and of Table 2 are used.
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Figure 6: Solvent permeability measured at 30 bar through (a) PAN/PEO-PDMSPEO and (b) PAN/PDMS membrane as a function of membrane swelling ( φ solvent )
and solvent viscosity (η solvent ). I, E, M, T, H stands for isopropanol, ethanol, MEK,
toluene, and hexane, respectively.
For the PAN/PEO-PDMS-PEO and PAN/PDMS composite membranes, a
reasonable linear correlation (R2 of 0.90 and 0.86) exists between the solvent flux
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and swelling degree versus solvent viscosity. For PAN/PDMS membrane, the
Psolvent correlates better (R2=0.99) with the φ solvent /η solvent if we consider MEK as an
outliner (it is not known why MEK appears to have a special behavior). This is an
important finding of our research, showing that the normalization of the Psolvent
with the membrane swelling and solvent viscosity can be applied reasonably for a
more hydrophilic selective layer, too. If we assume the solution-diffusion model to
hold for this system, then we can interpret the swelling as a measure for the
solubility and the viscosity as a measure for the diffusion coefficient of the solvent
inside the polymer network. Interestingly, Vankelecom et al. [4] also reported a
good linearity between the fluxes of various solvents (polar and non-polar)
through a thin film composite consisting of PDMS as the selective layer and PAN/
polyester (PE) as the support. The authors suggested that the viscosity could be
regarded as a property that reflects the mutual interaction between the diffusing
molecules and their interactions with the membrane. However, Bhanushali et al.
[1] corroborated the dependence of solvent permeability on its viscosity with the
viscous (convective) flow. Robinson et al. [12] suggested that the PDMS
membrane might contain pores of Angstrom-dimension which cause the transport
of the species, with feed viscosity and membrane thickness being the parameters
controlling the mass transport.
The PAN/PDMS composite membrane has silicone only as the selective layer,
therefore the flux of non-polar solvents (hexane, toluene) is significantly higher
than of the polar solvents (ethanol, isopropanol). Similar results have been
reported for other silicone-based nanofiltration membranes [1-5]. Interestingly, the
Psolvent of the PAN/PEO-PDMS-PEO membrane is lower compared to the
PAN/PDMS composite membrane, independent on the polarity of the solvent,
although higher fluxes for polar solvents were expected due to the hydrophilicity
of the top-layer (data of contact angle and swelling experiments). The lower flux
obtained through the PAN/PEO-PDMS-PEO composite membrane than through
the PAN/PDMS is consistent with the gas permeation results. It may be that the
PEO-PDMS-PEO copolymer chains are less flexible than of the PDMS
homopolymer due to the low molecular weight segments of PDMS of the PEOPDMS-PEO copolymer (1800 compared to 35500 gmol-1). Therefore, the
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diffusion of components through the PEO-PDMS-PEO membrane is lower
compared to the dense PDMS only. Similar findings were reported in other study
[20] concerning pervaporation of ethanol/water through silicone membranes of
various PDMS chain lengths: the ethanol permeability was found to be double
when the PDMS length increased from 1000 to 15000 gmol-1. Benett et al. [21]
concluded that the use of PDMS with at least MW of 18000 was found to have a
beneficial effect for phenol/water pervaporation. In addition, the quality of
composite (pore intrusion) may be responsible for the low flux through the PEOPDMS-PEO composite as well. In Chapter 4, we reported for the PAN/PDMS that
the pore intrusion restricted the swelling of the PDMS layer, lowering the flux of
the membrane.

7.4. Conclusions
The following conclusions can be drawn from this study:
• PAN/PEO-PDMS-PEO composite membrane is reproducibly prepared via
dip coating.
• The contact angle and swelling experiments reveal an increased
hydrophilicity of the PAN/PEO-PDMS compared to the PAN/PDMS
membrane.
• The gas and the solvent fluxes through the PAN/PEO-PDMS-PEO
membrane is lower compared to PAN/PDMS composite membrane
• A linear correlation between the fluxes of various solvents (polar and non
polar) through the hydrophilic and hydrophobic PDMS-based NF
composite membrane and membrane swelling/solvent viscosity is found.
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7.5. List of symbols
MW

Molecular weight (gmol-1)

Psolvent

Permeability of hexane through the membrane

wsolvent

Weight fraction of PDMS at swelling equilibrium

α CO

Gas selectivity of membrane for CO2 over N2

2

/ N2

η

Viscosity (cSt)

ρ

Density (gcm-3)

φsolvent

Penetrant volume fraction
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8
Conclusions and outlook

The work described in this thesis is a systematic study performed to identify the
key parameters affecting the transport through the poly (dimethyl siloxane)
(PDMS)-based nanofiltration (NF) membranes. The understanding of the
influence of the physicochemical interactions between solvent, solute and
membrane on the transport through the NF membrane could form the foundation
for a modeling approach capable of predicting the membrane performance.
Specific achievements of this research can be outlined as follows:
• Understanding the interaction between polymer-solvent-solute is crucial
in developing NF membranes with suitable chemical stability, high
solvent permeability and high retention towards various solutes. This is
evident from the swelling experiments of Chapters 3-7, indicating that the
selective top layer has to have high affinity for the solvent and low
affinity for the solute. PDMS is a suitable top layer for a composite used
in the separation applications involving non-polar solvents with Phexane of
about 3 lm-2h-1bar-1 and oil retention of about 90 %.
• The flux of the hexane through the composite membrane can be regulated
based on the amount of the cross-linker used for the preparation of the
PDMS top layer. However, the membrane retention is similar and high
(~90 %) for all composites of various cross-linking, probably due to the
highly swollen state of the silicone network. This allows us to obtain
PAN/PDMS composite membrane with high permeation performance by
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further improving the balance between cross-linking degree and pore
penetration of the PDMS.
• The flux of solvents (polar and non-polar) through the PDMS-based
composite membrane is found to be dependent on the apparent viscosity
and the membrane swelling. If we assume the solution-diffusion model to
hold for this system, then we can interpret the solvent viscosity as a
measure for the diffusion coefficient of the solvent inside the polymer
network and the swelling as a measure for the solubility. But the solutiondiffusion model does not consider the solute-solvent coupling (solventinduced solute dragging) that is found experimentally. However, the
increase of solvent flux with the applied pressure is much higher than the
respective increase of solute flux causing an increase of the membrane
retention at higher pressures. For a given solvent, the dragging effect is
more important at lower molecular weight of the solute and at lower feed
concentration (Chapters 3-5). For a given solute, the dragging seems to be
more important for the solvent with higher viscosity (Chapter 6).
• The solute rejection of PAN/PDMS composite membrane seems to be
dependent on the interaction between solvent-solute, solute-solute and
solute-membrane. This is evident from the results obtained with the
sunflower oil and tetraoctylammonium bromide (TOABr) presented in
Chapter 6. The lower oil retention in toluene than in hexane indicates a
preferential oil-toluene coupling effect. For the TOABr /toluene solutions,
the high membrane retention is probably due to the low interaction
between TOABr-PDMS and to the high interaction between TOABrTOABr molecules.
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• For oil/hexane and oil/toluene, osmotic phenomena similar to those
reported in aqueous systems are observed and interpreted using the van’t
Hoff equation. For TOABr/toluene solutions, the osmotic phenomena can
not be interpeted with the van’t Hoff equation. This is probably due to
ion-pairs clustering of TOABr in toluene and to the thermodynamic nonideality of the system.
• The PAN/PDMS composite showed promising permeation results for the
transport of non polar solvent (hexane and toluene). The permeability of
the polar solvents however, is rather low (see Chapter 7). Poly (ethylene
oxide) PEO-PDMS-PEO block copolymer seems to be a promising
material for the preparation of composites because its composition and/or
morphology could be tailored so that the hydrophilicity/hydrophobicity
balance of the material matches with a large spectrum of organic solvents.
Although the first composites (presented in Chapter 7) show promising
results, a lot of optimization is still required. The solvent flux could
potentially increase if composites with thinner top layer and/or minimized
pore intrusion are prepared. The application of PEO and PDMS segments
at different ratios and/or of other molecular weights could also have an
impact on the solvent permeability.
Although this thesis has addressed several important aspects of the transport of
various solvent/solutes through the NF membranes, however, there are still some
issues to be addressed by others in the future:
• The preparation of NF membranes with tailored properties based on the
investigated system will be a challenge in the future. There is certainly
not a “one membrane fits all” solution for the solvent resistant NF
membrane field. The first composites prepared in this thesis using block
copolymers (PEO-PDMS-PEO) could be a plausible direction to follow.
Still a lot of optimization is required.
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• The development of a mathematical model capable to describe the
transport of solvent/solute through the membrane will be a challenge
(maybe the greatest), as well. This model should consider solvent/solute
coupling and should be based on a thoroughly thermodynamic analysis of
the solvent/solute/membrane system. It is advised to model the transport
using a Maxwell-Stefan approach.
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Summary

Solvent resistant nanofiltration (SRNF) membranes have a strong potential for
various applications ranging from the pharmaceutical to the chemical and the food
industries. However, the transport mechanism through the SRNF membranes is
still under investigation.
This thesis presents a systematical experimental study performed in order to
identify the key parameters that could affect the membrane transport
characteristics through poly(dimethyl siloxane) (PDMS)-based SRNF membranes.
A complete understanding of the solvent, solute and membrane characteristics that
influence the solvent/solute flux through the membrane could form the foundation
for a modeling approach capable of predicting the membrane performances.
Chapter 2 describes the preparation of a composite membrane consisting of a
poly(acrylonitrile) (PAN) ultrafiltration support membrane and a PDMS selective
top layer. A composite membrane with good quality of the PDMS top layer is
obtained when a 7% (w/w) PDMS/hexane coating solution is applied. The results
show that the PAN/PDMS composite membrane has a good permeation
performance, the hexane permeability (Phexane) around 3 lm-2h-1bar-1 and oil
retention of about 90%. An increase in the thickness of the PDMS layer decreases
the hexane flux through the membrane, but has no influence on the oil retention.
Chapter 3 gives an insight into the transport of hexane-oil and hexanepoly(isobutylene) (PIB) systems through the PAN/PDMS composite membrane.
Osmotic phenomena similar to those reported in aqueous systems, are observed
and interpreted using the van’t Hoff equation. The hexane flux increases linearly
with the applied pressure and the Phexane decreases with the increase of the feed
concentration. The normalization of Phexane by the solution viscosity inside the
swollen membrane and the swelling of the membrane results in a constant value
quantifying the hexane transport independent of the solute type and concentration
in the feed mixture. If we assume the solution-diffusion model to hold for this
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system, then we can interpret the solvent viscosity as a measure for the diffusion
coefficient of hexane inside the polymer network and the swelling as a measure
for the solubility. However, the solution-diffusion model does not account for the
solute-solvent flux coupling found experimentally. For a given solute, the effect of
flux coupling decreases with the molecular weight of the solute and the solute
concentration.
Chapter 4 focuses on the effect of the cross-linking degree of PDMS on the dense
membrane characteristics and on the permeation performance of the PAN/PDMS
composite membrane. The swelling of the dense membrane decreases with the
increase of the cross-linker amount. In addition, the partition coefficient of PIB in
the membrane decreases with the increase of the cross-linker amount and the
molecular weight of PIB. The Phexane through the PAN/PDMS membrane prepared
at pre-polymer/cross-linker ratio of 10/0.7 is higher than at 10/1 (4.5 and 3.1 lm-2h1

bar-1, respectively) due to the higher membrane swelling (260 and 200%w/w).

The Phexane through the PAN/PDMS membrane prepared at pre-polymer/crosslinker ratio of 10/2 is higher than through the composite prepared at ratio of 10/1
(4.1 and 3.1 lm-2h-1bar-1 ) although the membrane swells less (100 and 200 %
w/w). This might be due to the a reduction of pore intrusion of PDMS for the
composite membrane at ratio of 10/2 compared to 10/1 and/or due to the
heterogeneous quality of the formed silicone network. The cross-linker amount
has no effect on the PIB retention probably due to the highly swollen state of the
silicone network. This allows us to obtain PAN/PDMS composite membranes with
high permeation performance (large flux and good retention) by further improving
the balance between cross-linking degree and pore penetration.
Chapter 5 investigates the permeation performance of the PAN/PDMS composite
membrane with an oil/hexane solution at high pressure. Membrane compaction
and concentration polarization are not observed up to 30 bar. The separation
performance of the membrane is similar at low and high pressure and for the batch
and continuous mode as well, indicating the membrane stability under the tested
conditions. At high pressure, the coupling of solvent-solute flux is found as well,
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confirming the data obtained at low pressure range where the dragging effect is
found to be dependent on the molecular weight and on the concentration of the
solute in the feed. The comparison with a silicone GKSS membrane shows that the
Phexane for the GKSS composite membrane is higher than through our PAN/PDMS
(5.9 and 3.1 lm-2h-1bar-1), however the GKSS membrane compacts at pressure
above 20 bar.
Chapter 6 studies the influence of the solvent and solute type on the mass transport
through the PAN/PDMS composite membrane. First, the role of the solvent
(toluene or hexane) in the transport of sunflower oil is investigated. The flux of
toluene through the PAN/PDMS membrane is lower than the flux of hexane (2.0
and 3.1 lm-2h-1bar-1) due to the higher viscosity of toluene compared to hexane
(0.61 and 0.48 cSt). The flux coupling for oil/toluene seems to be stronger than for
oil/hexane probably due to the higher friction between toluene and oil molecules.
The membrane retention for oil in toluene is lower than in hexane due to the lower
toluene flux and smaller radius of gyration of oil in toluene. Osmotic phenomena
are observed for oil/hexane and oil/toluene solutions and can be interpreted using
the van’t Hoff equation, indicating that they behave as ideal systems.
Second, the effect of solute on the membrane performance is studied, using
solutions of toluene with oil or with tetraoctylammonium bromide (TOABr). For
the TOABr/toluene solution, the toluene flux is not linear with the applied
pressure probably due to the concentration polarization phenomenon. The
membrane retention is found to be 100 % and (almost) no osmotic effect was
depicted. This is probably due to ion-pairs clustering of TOABr in toluene and to
the non-ideality of this system.
In Chapter 7 a new nanofiltration (NF) membrane is prepared consisting of a PAN
ultrafiltration support membrane and polyethylene oxide PEO-PDMS-PEO
triblock copolymer as selective top layer. Swelling and contact angle
measurements confirm the hydrophilic character of the PEO-PDMS-PEO
membrane compared to the PDMS membrane. The flux of gases and solvent
through the PAN/PEO-PDMS-PEO composite membrane is found to be lower
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compared to the PAN/PDMS composite membrane, probably due to the lower
molecular weight of the PDMS segment in the polymer chain and/or the quality of
the composite (pore intrusion). A linear correlation exists between the fluxes of 5
solvents through the hydrophilic and hydrophobic PDMS-based composite
membranes and the membrane swelling and solvent viscosity.
Chapter 8 summarizes the main conclusions of the work described in this thesis
and gives an outlook and suggestions for future work.
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Samenvatting
Oplosmiddelbestendige nanofiltratiemembranen (in Engels: solvent resistant
nanofiltration (SRNF) membranes) vormen een zeer aantrekkelijk alternatief voor
vele verschillende toepassingen, variërend van de farmaceutische en de chemische
industrie tot de voedingsmiddelenindustrie. Het precieze transportmechanisme in
SNRF membranen is echter nog niet opgehelderd.
Dit proefschrift beschrijft een systematisch, experimenteel onderzoek dat als doel
heeft de belangrijkste parameters te identificeren die het transport door SRNF
membranen gebaseerd op PDMS bepalen. Inzicht in de eigenschappen van het
oplosmiddel, de opgeloste stof en het membraan, die de flux van oplosmiddel en
opgeloste stof door het membraan beïnvloeden, kan de basis vormen voor een
model dat in staat is de membraanprestaties te voorspellen.
Hoofdstuk 2 beschrijft het maken van composietmembranen bestaande uit een
poly(acrylonitriel (PAN)) ultrafiltratiedragermembraan en een selectieve toplaag
van poly(dimethylsiloxane) (PDMS)). De beste composietmembranen worden
verkregen als de toplaag op de drager wordt aangebracht met een PDMS/hexaan
oplossing die 7 gew.% polymeer bevat. De resultaten tonen aan dat deze
membranen goede permeatie-eigenschappen hebben: de hexaanpermeabiliteit
bedraagt 3 lm-2h-1bar-1 en de olieretentie is ongeveer 90%. Een toename in de dikte
van de PDMS-toplaag resulteert in een afname van de hexaanflux door het
membraan, maar heeft geen invloed op de olieretentie.
Hoofdstuk 3 geeft inzicht in het transportmechanisme van hexaan en olie en
hexaan en poly(isobutylene) (PIB) door PAN/PDMS-composietmembranen.
Osmotische verschijnselen die vergelijkbaar zijn met de verschijnselen die zijn
aangetoond in waterige systemen, zijn waargenomen en geïnterpreteerd met
behulp van de vergelijking van van’t Hoff. De hexaanflux neemt lineair toe met de
opgelegde druk en de hexaanpermeabiliteit neemt af met toenemende
voedingsconcentratie. Normalisatie van de hexaanpermeabiliteit met de viscositeit
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van de oplossing in het gezwollen membraan en de zwelling van het membraan,
leidt tot een constante waarde die aangeeft dat het hexaantransport onafhankelijk
is van het type opgeloste stof en de concentratie in het voedingsmengsel. Als
aangenomen wordt dat het oplossings-diffusiemodel geldt voor dit systeem, dan
kan de viscositeit van de oplossing beschouwd worden als een maat voor de
diffusiecoëfficiënt van hexaan in het polymeernetwerk en kan de zwelling gezien
worden als een maat voor de oplosbaarheid. Het oplossings-diffusiemodel houdt
echter geen rekening met de experimenteel waargenomen koppeling tussen de flux
van het oplosmiddel en de opgeloste stof. Voor een gegeven opgeloste stof, daalt
het effect van die koppeling met het molecuulgewicht en de concentratie van de
opgeloste stof.
Hoofdstuk 4 beschrijft de invloed die de graad van crosslinken van het dichte
PDMS membraan op de membraaneigenschappen en het permeatiegedrag van de
PAN/PDMS composietmembranen heeft. De zwelling van het dichte membraan
neemt af met toenemnde hoeveelheid crosslinker. Daarnaast neemt de
verdelingscoëfficiënt van PIB in het membraan af met toenemende hoeveelheid
crosslinker en toenemend molecuulgewicht van PIB. De hexaanpermeabiliteit
door PAN/PDMS-membranen die gemaakt zijn met een pre-polymeer/crosslinker
verhouding van 10/0.7 is hoger dan bij gebruik van een verhouding 10/1
(respectivelijk 4.5 en 3.1 lm-2h-1bar-1). Dit is het gevolg van de grotere zwelling
van het membraan (260 en 200 gew.%). PAN/PDMS-membranen die gemaakt zijn
met een pre-polymeer/crosslinkerverhouding van 10/2 hebben een hogere
hexaanpermeabiliteit dan die membranen die gemaakt zijn met een verhouding
van 10/1 (4.1 en 3.1 lm-2h-1bar-1), hoewel de zwelling lager is (100 en 200 gew.%).
Dit wordt waarschijnlijk veroorzaakt door het feit dat bij gebruik van de
verhouding 10/2 er minder polymeer in de poriën van de poreuze PAN-drager kan
doordringen en/of door de heterogene kwaliteit van het polymeernetwerk.
Waarschijnlijk doordat het PDMS-netwerk sterk gezwollen is, heeft de
hoeveelheid crosslinker geen invloed op de PBI-retentie. Dit maakt het mogelijk
om, door het verbeteren van de verhouding tussen de mate van crosslinken en
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poriepenetratie, PAN/PDMS-composietmembranen te maken met zeer goede
permeatieëigenschappen (hoge flux en hoge retentie).
Hoofdstuk

5

is

gewijd

composietmembranen

bij

aan

het

hoge

permeatiegedrag
drukken.

van

PAN/PDMS-

Membraancompactie

en

concentratiepolarisatie zijn niet waargenomen bij drukken tot 30 bar. De
scheidende eigenschappen van het membraan zijn gelijk bij zowel lage als hoge
druk, als bij een batch en een continu proces. Dit toont aan dat het membraan
stabiel is onder de geteste omstandigheden. Ook bij hoge drukken is de koppeling
tussen de flux van het oplosmiddel en de opgeloste stof waargenomen. Dit
bevestigt de data die verkregen zijn bij lage drukken, waar waargenomen is dat dit
effect afhangt van het molecuulgewicht en de concentratie van de opgeloste stof in
de voeding.
Vergelijking met een PDMS-composietmembraan van GKSS toont aan dat de
hexaanpermeabiliteit van het GKSS-membraan hoger is dan de permeabiliteit van
het PAN/PDMS-membraan (5.9 en 3.1 lm-2h-1bar-1), maar ook dat er bij het
GKSS-membraan compactie optreedt bij drukken hoger dan 20 bar.
In hoofdstuk 6 wordt de invloed van het oplosmiddel en het type opgeloste stof op
het massatransport door PAN/PDMS-composietmembranen beschreven. In de
eerste plaats wordt de rol van het oplosmiddel (tolueen en hexaan) op het transport
van zonnebloemolie onderzocht. Door de hogere viscositeit van tolueen in
vergelijking met hexaan (0.61 en 0.48 cSt) is de flux van tolueen door het
PAN/PDMS-membraan lager dan de flux van hexaan (2.0 en 3.1 lm-2h-1bar-1).
Koppeling van fluxen lijkt sterker aanwezig bij het systeem olie/tolueen dan bij
het systeem olie/hexaan. Waarschijnlijk is dit het gevolg van de grotere frictie
tussen olie en tolueen moleculen. Door de lagere tolueenflux en de kleinere
gyratiestraal van olie in tolueen is de membraanretentie voor olie in tolueen lager
dan de overeenkomstige waarde voor olie/hexaan. Voor beide systemen
(olie/tolueen en olie/hexaan) worden osmotische verschijnselen waargenomen.
Deze kunnen beschreven worden met de vergelijking van van’t Hoff, wat aantoont
dat er sprake is van ideale systemen.
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In de tweede plaats wordt het effect van de opgeloste stof op de
membraanprestaties onderzocht. Hierbij wordt gebruik gemaakt van een oplossing
van olie in tolueen en een oplossing van tetraoctylammonium bromide (TOABr) in
tolueen. In geval van het TOABr/tolueen mengsel is de flux niet lineair met de
opgelegde

druk.

Dit

wordt

waarschijnlijk

veroorzaakt

door

concentratiepolarisatieverschijnselen. De membraanretentie is 100% en een
osmostisch effect is (vrijwel) niet waarneembaar. Dit komt waarschijnlijk door
clustering van TOABr-ionparen in tolueen en door het niet ideale gedrag van het
systeem.
In hoofdstuk 7 wordt de bereiding van een nieuw type nanofiltratiemembraan
beschreven dat bestaat uit een PAN ultrafiltratiedrager en een selectieve toplaag
van een polyethylene oxide, PEO-PDMS-PEO triblokcopolymeer. Onderzoek naar
het zwellingsgedrag en contacthoekmetingen tonen aan dat het PEO-PDMS-PEOmembraan een hydrofieler karakter heeft dan het PDMS membraan. De gas- en
oplosmiddelflux door dit type membraan met een PEO-PDMS-PEO toplaag zijn
iets

lager

dan

de

overeenkomstige

waardes

voor

PAN/PDMS-

composietmembranen. Dit wordt waarschijnlijk veroorzaakt door het lagere
molecuulgewicht van het PDMS-segment in de polymeerketen en/of door de
kwaliteit van het composietmembraan (poriepenetratie). Er blijkt een lineaire
relatie te bestaan tussen de flux van vijf verschillende oplosmiddelen door zowel
de hydrofiele als de hydrofobe op PDMS gebaseerde composietmembranen en de
zwelling van het membraan en de viscositeit van het oplosmiddel.
Hoofdstuk 8 vat de belangrijkste conclusies van het werk dat in dit proefschrift
beschreven staat, samen. Bovendien geeft het een toekomstvisie en aanbevelingen
voor verder onderzoek.
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