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Abstract

One of the polymers enabling successful application of organic solvent nanofil-
tration membranes is silicone or more precisely poly(organosiloxane). This thesis
includes a study on silicone based membranes, as to their chemistry, their separa-

tion performance in organic solvents and influence of introduced functional groups.

The performance of a silicone based membrane was first compared to mem-
branes based on polyimide and PIM-1 (polymers of intrinsic microporosity). The
tests were made in heptane and acetone to emphasize the difference in the sepa-
ration properties of the tested membrane materials. Further, the development of a
predictive model for multicomponent mass transport through a silicone membrane
was made. The applied modelling approach can be differentiated in a Flory-Rehner
based model to estimate membrane swelling and a simplified Maxwell-Stefan mass
transport model. The prediction accuracy of developed modelling approach was
compared to the measured values for eleven pure solvents. The predicted values of
styrene oligomer rejection curves in these solvents were also compared to the

measured values.

Additionally, the production and performance of composite membranes made
from acrylate-functional and epoxy-functional silicones in styrene oligomer/heptane
mixture were also investigated. Next to this, a performance comparison in several
solvents of acrylate-functional, epoxy-functional and a commercially available sili-
cone based membrane was made. The measured results were used together with
the modelling approach to determine membrane specific parameters and their rele-

vance in accurate predicting of the measured data.



Zusammenfassung

Poly(Organosiloxan), kurz Silikon, ist eines der Polymere die eine besonders er-
folgreiche Anwendung der organophilen Nanofiltrationsmembranen ermdglichen.
Diese Doktorarbeit beinhaltet eine Studie silikonbasierter Membranen beziglich de-
ren chemischen Eigenschaften, sowie Trenneigenschaften in organischen Losemit-

teln und dem Einfluss der zugefugten funktionellen Gruppen.

Die Trennleistung einer silikonbasierten Membran wurde zunachst mit polyimid-
basierten und PIM-1 (Polymer mit intrinsischer Porositat) Membranen verglichen.
Die Versuche wurden in Heptan und Aceton durchgefiihrt, um die Unterschiede der
Membranmaterialien zu betonen. Des Weiteren, wurde ein pradiktives Model fuir den
Stofftransport der Multikomponentenmischung fur die Silikonmembran erstellt. Das
angewandte Model beinhaltet einen Flory-Rehner-basierten Ansatz zur Beschrei-
bung des Membranquellverhaltens und eine vereinfachte Form des Maxwell-Stefan
Massentransportmodels. Die Vorhersagegenauigkeit des entwickelten Models
wurde mit den Versuchsergebnissen fur elf Lésemittel verglichen. Die vorhergesag-
ten Werte fur die Rickhaltekurven der Styrololigomere in diesen Losemitteln wur-

den ebenfalls mit den Versuchsdaten verglichen.

Die Herstellung und die Trennleistung von Kompositmembranen auf Basis von
acrylat- und epoxid-funktionalisierten Silikonen wurden zusatzlich in einem Styrol-
oligomer/ Heptan Gemisch untersucht. Dazu wurde ein Vergleich der acrylat-, epo-
xid-funktionalisierten und einer kommerziell verfligbaren silikonbasierten Membran
in mehreren Losemitteln durchgefuhrt. Die Versuchsergebnisse wurden gemeinsam
mit dem entwickelten Model angewandt um die spezifische Membranparameter und
deren Bedeutung fur eine moglichst genaue Wiedergabe der Versuchsdaten zu be-

stimmen.
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1 Introduction

In recent years membranes and membrane separations have stepped outside
the well-established membrane applications, such as water desalination and dialy-
sis. One of the polymers enabling this development is silicone or more precisely
poly(organosiloxane). Silicone based membranes are already applied in gas sepa-
ration, pervaporation, vapour permeation and organic solvent nanofiltration. These
versatile applications of a silicone based separation layer are possible due to its
excellent thermal, chemical and mechanical stability compared to other rubber pol-
ymers. Silicone has generally good permeabilities and selectivities for organic sol-

vents, which mostly depends on the solubility and diffusivity [1].

In order to apply membrane separations in different process streams, the mem-
brane development is shifting away from finding the “one-size-fits-all” membrane to
“tailor-made” membranes. To achieve this, membrane development must become
more feasible for the membrane producers. Membrane production processes with
low development costs for membrane optimisation for a specific separation have to

be considered.

In different branches of Evonik Industries AG know-how is already available on
silicone chemistry, coating of polymers and application of silicone based mem-
branes. Combining these competences can enable a fast and feasible development
of silicone composite membranes for specific separation tasks. Industry can benefit
from the gentle separation that a membrane separation offers. Also the reduced
energy requirement, which membrane separation units enable, can play an im-

portant role in establishing sustainable production processes.

Future development of silicone based membranes needs better understanding
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and prediction possibilities of silicone based membrane performance. This would
enable a targeted silicone modification to achieve maximal performance in a specific

separation task.

1.1 Scope of the thesis

This thesis includes a study on silicone based membranes, as to their chemistry,
their separation performance in organic solvents and influence of introduced func-

tional groups.

In Chapter 2 a general introduction on poly(organosiloxane) membranes and the
chemistry which lies behind different reactive silicones is given. Also shown are the
challenges of commercial production of silicone composite membranes. The chap-
ter ends with examples of successful applications of silicone based membranes in

industrially relevant separation processes.

In Chapter 3 the equipment, several experimental procedures and calibration of
the analytics which were used in the experimental work are described. Also given
are the correlations and the estimated coefficients for calculating concentration of

the components on the membrane surface.

In Chapter 4 the results of comparative tests of three different membrane mate-
rials used for organic solvent nanofiltration are shown. The investigation was made
in heptane and acetone to underlie the difference in the separation properties of the

tested membrane materials.

In Chapter 5 the development of a predictive model for mass transport of pure
solvent through a silicone membrane is shown. The applied modelling approach can

be differentiated in a Flory-Rehner based model to estimate membrane swelling and
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a simplified Maxwell-Stefan mass transport model. For the investigation of the de-
veloped Flory-Rehner based model swelling experiments with crosslinked RTV615
silicone were made in eleven solvents. For estimation and development of the Max-
well-Stefan mass transport model permeabilities of the same solvents were meas-

ured for the silicone membrane ONF-2 from GMT Membrantechnik.

In Chapter 6 the previously developed modelling approach for predicting solvent
transport was applied to multicomponent mixtures of styrene oligomers with different
molecular weights in the previously tested solvents. The predicted rejections of sty-
rene oligomers and permeabilities were compared to the experimentally determined

data measured with the silicone membrane ONF-2 (GMT Membrantechnik).

In Chapter 7 the production and performance of composite membranes made
from acrylate-functional [2] and epoxy-functional silicones in styrene oligomer/hep-
tane mixture are described. The separation performance of produced membranes

was also compared to the silicone membrane ONF-2.

In Chapter 8 a performance comparison in several solvents of acrylate-functional
silicone membrane, epoxy-functional silicone membrane and silicone based mem-
brane ONF-2 was made. The measured results were used together with modelling
approach given in Chapter 6 to determine membrane specific parameters and their

relevance in accurate predicting of the measured data.

Conclusion and outlook are given in Chapter 9, which summarises the research

results made in previous chapters.

1.2 References

[1] R. Baker, Membrane Technology and Applications, 3rd ed., Wiley 2012.

[2] R. Hansel, H. Doéhler, P. Schwab, P. Seidensticker, M. Ferenz, G.
Baumgarten, M. Lazar, M. Ungerank, Composite silicone membranes with high
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separating action, W02011067054 Al, Evonik Goldschmidt GmbH, 2011.




2 Silicone based membrane separation lay-
ers

Establishing a membrane based separation process includes membrane and
module development as well as process design and optimisation. However, each
membrane process is based on the separation properties of the installed membrane
[1]. To gain a better understanding of silicone based membranes, some basic in-
sights in crosslinking reactions of the silicone chemistry are shown in this chapter.
Further production of silicone based composite membranes including the chal-
lenges and possible solutions will be descibed. The final section will feature some
successful commercial applications of silicone based membranes as well as future

directions in the application of silicone based membranes in separation processes.

2.1 Chemistry of reactive silicones

Linear poly(dimethylsiloxane) (abbr. PDMS) as given in Figure 1 [2] are most of-

ten used silicones for coating purposes.

( CH, )
|
—Si-0 T+
|
. CH3 J

Figure 1: Dimethylsiloxane repetitive unit.

Attaching reactive groups to the dimethylsiloxane backbone enables crosslinking

reactions, which result in a three-dimensional siloxane network. Based on the cross-
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linking reactions the following groups of reactive silicones can be distinguished: per-
oxide induced free radical reactions, hydridosilane/silanol reactions, hydrosilylation
addition reactions, modification of silicones with reactive organic functionalities and

high energy radiation curing [2].

2.1.1 Peroxide induced free radical reaction

The peroxide induced crosslinking reaction of dimethylsiloxane is based on the
radical abstraction of a hydrogen atom from the methyl group. The reaction does
not introduce any additional organic functionality. A disadvantage of the peroxide
induced free radical reaction is that strong peroxides must be used for the hydrogen
atom abstraction from the methyl group. These peroxides reactions have an acidic
by-product, which can cause corrosion of the substrate or even silicone decompo-
sition. In the presence of vinyl modifications of silicones, the peroxides needed for
the reaction are much milder and sufficient crosslinking degree is achieved even
with a low content of vinyl modification [2]. The free radical reactions are summa-

rised in Figure 2.

=Si-CH=CH,
+ de .
. - M -OR - -
=Si-CH; + =Si-CH-CH,OR —— =Si-CH,~CH,-CH,-Si=
+ O'Rl HOR 2 x 1-2 HOR
=Si-CH, =Si-CH=CH-CH=CH-Siz
2 X l

Figure 2: Chemistry of peroxide induced free radical reaction [2].

Depending on the peroxide used, next to prevailing three carbon bridges, side-
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reactions occur that give two-carbon or four carbon bridges. It was also observed
that the crosslinking degree of vinyl modified silicones was almost independent from

the peroxide concentration and mostly dependent on the vinyl concentration [2].

2.1.2 Condensation reaction

The condensation polymerisation involves silicones modified with hydrolysable
functionality, which gives silanol in a spontaneous reaction with atmospheric mois-

ture. Silanol can further react releasing hydrolysed functionality [2].

=Si-R
+Hzol-HR
: : OH :
=Si-R + =Si-OH ——  =SI-0-Siz

Figure 3: Chemistry of condensation reaction [2].

The rate of the condensation reaction given in Figure 3 strongly depends on the
type of the used functionality. The fastest condensation curing siloxane is the ace-
toxy functionalised one (-OOCCHSs). The major limitation of the acetoxy functionality
is the acetic acid by-product released during curing. In addition, the curing rate is
limited by the transport of water vapour through the network, resulting in problems
in the curing of thicker sections [2]. Crosslinking can be improved by the addition of
tin catalyst. Concentrations in commercially available products are between 50 and
500 ppm [3]. Nevertheless, acetoxy functionalised silicones are widely used in

households, because of their excellent adhesion to ceramic surfaces [2].

Neutral condensation curing silicones have an alkoxy (-OR) functionality. Be-
cause the alkoxy system has a low curing rate, a metal catalyst, titanate and/or tin
based, are added to the system to accelerate the curing. Alkoxy functional silicones

are mostly used for moulds, where a thick section curing is essential [2]. Tin levels
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for these systems reach up to 5000 ppm. Condensation reaction systems can give
sufficient polymerisation at low temperatures and are available as room temperature
vulcanising (RTV) silicones. Next to acetoxy and alkoxy functionalised siloxanes,

enoxy, oxime and amine systems are produced [3].

2.1.3 Hydridosilane/silanol reaction

Hydridosilane can react with silanol, or with water to form silanol, which can fur-
ther polymerise as given in Figure 4. The reaction can be performed in presence of

tin and platinum based catalyst [2].

=Si-H
. o -H, . .
=Si-H + =Si-OH ——  =SI-0-Siz
2% |-H,0
=Si-O-Si=

Figure 4: Chemistry of hydridosilane/silanol reaction [2].

The hydrogen gas evolution causes formation of foamed structures. Hence, in-
dustrial application of the hydridosilane/silanol reaction is in production of closed
cell silicone foams. When a thin film of such silicone is coated, the evolved hydrogen
can easily diffuse out of the layer. Hence, the hydridosilane/silanol systems are also
used for the production of thin poly(dimethylsiloxane) coatings for certain release

coating applications [2, 4].

2.1.4 Hydrosilylation addition reaction

Hydridosilane can crosslink with vinyl modified silicone in the presence of noble

metal catalyst such as platinum or rhodium [2]. The hydrosilylation addition reaction
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is often referred to as “addition” or “platinum cure” [3].
o . Pt . .
=Si-H + =Si-CH-CH, —— =Si-CH,CH,-Si=
Figure 5: Chemistry of hydrosilylation addition reaction [2].

Crosslinking takes place exclusively between SICH=CH2 and SiH groups as
given in Figure 5. Therefore the hydrosilylation addition reaction can be used to
synthesise tailor-made poly(dimethylsiloxane) networks. Some side reactions occur
in presence of O2/H20, which promotes oxidation/hydrolysis of SiH to SiOH, which
can also crosslink in condensation reactions as shown in Figure 4. This side reaction
is nevertheless slower than hydrosilylation and has an effect in post-cure when SiH

groups are in significant excess [2].

With ‘addition cure silicones’ it is possible to obtain versatile room temperature
crosslinking systems with low viscosity, what is particularly useful for coating pur-
poses [2]. Commercial ‘addition cured silicones’ systems are used in silicone re-
lease coating applications as solvent based, solvent-less or water emulsified formu-
lations [4]. Concentration of the platinum in the silicone formulation is between 20
and 50 ppm [3]. Commercial hydrosilylation systems are available as two compo-

nent formulation [2].

2.1.5 Modification of silicone with reactive organic functionalities

Silicone polymer with reactive organic functionalities can be synthetized directly
from functionalised siloxane monomers, by reaction of silicone hydride with vinyl
group and starting from chlorine functional silicone [2]. An example for the function-
alisation of silicone through reaction of hydridosilane and organic modification (R)

with vinyl group is presented in Figure 6.




Chapter 2

_ Pt
=Si-H + R-CH-CH, —— =Si-CH,-CH,-R
Figure 6: Reaction of hydridosilane and organic functionality with vinyl group.

Examples of reactive functionalities that are often introduced to silicones are

given in Figure 7 [2].

~(CH,),~NH—(CH,),~NH,  ~(CH);—SH

~(CH,)3~O-CH,-CH—CH, O
N’ ~(CH,);~O-C—CH=CH,

Figure 7: Examples of reactive functionalities of silicones [2].

The properties of functionalised silicone with less than 5 mol% of functional
groups do not considerably differ from the properties of pure siloxanes. By attaching
photopolymerisable functional groups to the poly(dimethylsiloxane) backbone (e.g.
epoxy, acrylate, methyl acrylate group) different UV crosslinking systems were de-
veloped and are commercially available as release and protective coatings [5]. The
crosslinking rate is usually increased by adding of a photoinitiator. The added

amount of photoinitiator is limited by its solubility in the silicone prepolymer mixture

2].

Applications of functionalised silicones are versatile. Such functionalised sili-
cones with nitrogen containing species and mercapto functional silicone modifica-
tions are used as adhesion promoters. These systems are used in cosmetic, textile
and finishing metal polishes industry, because of their tuneable adsorption onto sur-
faces. Also, a wide area of applications have functional silicones with trifluoroalkyl
modification for production of parts, where a low hydrocarbon solubility is required

[2, 3].

10
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2.1.6 High energy radiation curing

High energy radiation induces ionisation of poly(organosiloxanes), which leads to
crosslinking or chain scission (i. e. degradation) [2, 6]. The two predominant free

radical products are given in Figure 8.

., -SiO-
CH, S/ e,
—éi—O— radiation
CH, A\ dn,
-Si-0-
CH,

Figure 8: Free radical products after exposure of silicone to high energy radi-
ation [2].

The crosslinking bonds are obtained by combination of radicals as shown in Fig-
ure 8, where the Si-CH2-Si and Si-Si bridges predominate as a product [2]. Cross-
linking yield relative to chain scissions depends on both, temperature and atmos-
phere in which the radiolysis is performed [7]. Until today no large scale application

of high radiation crosslinking for silicone crosslinking has been realised [2].

2.2 Membrane production

2.2.1 Very first rubber membranes

The first systematic study of gas permeation through rubber was made by J. K.

Mitchell in 1830 with balloons made from India rubber (caoutchouc) [8]. He inflated

11
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rubber balloons with different gases and discovered that balloons deflated with dif-
ferent speed, depending on the nature of the gas. Mitchell also suggested that good
permeability of carbon dioxide through the rubber film could be a consequence of

large degree of sorption of carbon dioxide compared to other gases [9, 10].

Next to carbon dioxide various hydrocarbons are readily dissolved in the rubber
phase; hence patents as early as 1939 claim the use of dense rubber diaphragm for
separation and concentration of hydrocarbons in the gaseous state. The inventor
explains that the separation of different hydrocarbons originates from the difference
in permeation rates of components through the membrane, caused by differences
in molecular weight, saturation and molecular structure of the hydrocarbon as well

as solubility of the hydrocarbon in the rubber [11].

In 1960 Kammermeyer describes the use of a silicone membrane for separation
of gases. The main advantage of the silicone is the unmatched permeability, com-

pared to other available polymers at that time [12, 13].

2.3 Producing arubber based membrane

After discovering the separation potential of rubber membranes, efforts were
made to achieve higher permeability without losing the selectivity. Dip-coating is one
of the oldest method to produce a very thin rubber layer [14]. Dip-coating techniques
imply that an object is dipped and slowly withdrawn from a diluted polymer (mono-
mer) solution. Adhesive forces between solution and the object’s surface form a
solution film, which covers the complete outer surface of the object. Subsequently,
the solvent is evaporated, leaving a thin polymer skin on the surface. When
macroporous structures, such as textile or wood, are coated adhesive forces cause
a capillary effect, completely filling the pores of the coated substrate with polymer

solution, and subsequently plugging the pores.

12
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It was also observed that pore plugging during dip-coating can be used to in-
crease the performance of gas separation membranes. The performance of gas
separation membranes is significantly reduced, when defects are present in sepa-
ration layer. Both, ultrathin polymer composites and thin skin phase inversion mem-
branes can have defects, whether due to inhomogeneities or impurities in the prep-
aration process. To plug these defects an overcoat of highly permeable polymer can
be applied by dip-coating [15]. The final membrane achieves a selectivity which is
only slightly less selective than the real selectivity of the original membrane,

whereas the flux of the membrane is not changed [16, 17].

Earliest rubber membranes were produced as thin free standing homogeneous
layers, to avoid the pore penetration of the support. During operation a thin rubber
membrane was placed on a porous support (e.g. webs or sintered plates) to give
additional mechanical strength. Nevertheless, when such thin film membranes were
operated at high transmembrane pressures, the separation layer often ruptured.
Hence, a dual film combination was suggested, where a very thin selective layer

could be laminated to a highly permeable but mechanically stable membrane [18].

The biggest milestone in membrane development was made by Loeb and Souri-
rajan in 1960. They discovered the asymmetrical structure of phase inversion mem-
branes and developed a phase inversion membrane for reverse osmosis applica-
tions [19, 20]. The Loeb and Sourirajan discovery was quickly adapted to other cel-
lulosic polymers and then to a vast variety of polymers. Phase inversion membranes
could offer for the first time an ideal support structure for rubber membranes with
smooth surface, small pore radius combined with a high flux and good mechanical

stability.

13
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2.3.1 Optimisation of the dip-coating technique in silicone membrane
production

In the 1960s Lonsdale, Riley and co-workers at General Atomic Co. started to
develop a dip-coating technique for the production of composite membranes [21,
22]. As mentioned previously, the biggest challenge for dip-coating is intrusion of
polymer into pores of the support layer, leading to a low permeability of the compo-
site membrane. The effect of pore intrusion on the flux can be easily depicted by
assuming a simple resistance in series model for mass transport through the mem-

brane and neglecting the resistance of the porous support [16, 23].

L
PDMS, |1

V4
1
r
2}
—

PDMS, (2| |3| Support

171
;. £+(5-Pz+(l—a)-P3j AD
P1 Z; Z

Figure 9: Composite membrane with pore intrusion, taken from [16, 23].

In Figure 9 J is the solvent volume flux L -h*t-m2, P, stands for the specific si-
loxane permeability of the free standing layer with unit L-um-ht-m2.bar? and z, is
the thickness of free standing layer in um. P, is the permeability of silicone layer
confined in the pores and P, represents the permeability of the bulk polymer of the
supporting membrane and Z, is the thickness of intruded layer. The transmembrane
pressure (Ap) is the driving force of permeation. Considering that the bulk phase
of the support membrane has low permeability for most of the solvents and porosity
of the ultrafiltration membrane (¢) is between 0.1 and 1 % [24], it is important that

the separation takes place in the free standing layer and the pores serve only as

14
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drainage as given in Figure 10.

Z, PDMS,

-1

Figure 10: Composite membrane without pore intrusion, taken from [16, 23].

One way to reduce pore intrusion is filling the pores of the substrate prior to the
coating step with non-solvent for the coating polymer [25]. Water was often used in
the literature as “pore protector’. Wetting of the substrate was made by dipping it
into water and removal of the water droplets by wiping the surface prior to coating
[26, 27]. Otherwise, if continuous operation was needed, water could be partially
evaporated [28]. Also suggested was passing the substrate through saturated water

vapour atmosphere.

The pores of the substrate can also be filled by a non-volatile leachable compo-
nent which mechanically holds the coated polymer on the surface. The non-volatile
component used for impregnation of porous membrane can be inert to the coating

polymer as described by Albrecht et al. [29].

Linder et. al. used reactive silanol terminated silicone oligomers as pore protect-
ing agent [30]. In this way the layer of the impregnating solution that is in contact
with reactive coating solution would crosslink, resulting in a better anchorage to the

porous support.

15
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For gas separation membranes was suggested to coat a highly permeable inter-
mediate layer, between separation layer and porous support [31-33]. The advantage
of this highly permeable intermediate layer is the enhancement of the flow in direc-
tion of the pores of the supporting membrane [34]. This approach is nevertheless
hardly applicable to silicones because of their unmatched permeability. Likewise, in
contact with organic solvents a highly permeable layer often swells extensively,

which can lead to delamination of the separation layer [35].

Pore intrusion can be reduced by coating with diluted pre-polymer solution with a
coil size larger than the pore size of the substrate [26, 36-40]. Coating with the high
molecular weight polymer will likewise give a smoother and more uniform thickness
of the selective layer of the composite membrane [38]. Also defects considerably

larger than polymer coils will get sealed by coated polymer [41].

2.4 Silicones used for membrane production

In the following the literature overview of silicone composite membranes and their
membrane production is subdivided as: membranes made out of hydrosilylation ad-
dition polymerised silicones; condensation reaction silicone membranes; mem-
branes made out of functionalised silicones and silicone membranes additionally

crosslinked by high energy radiation.

2.4.1 Membranes made out of hydrosilylation addition polymerised sil-
icones

One of the most often used reactive silicone systems for membrane production
according to literature is the commercially available two component RTV615 sys-

tem, provided by General Electric [26, 27, 39, 42-44]. Stafie et al. analysed this
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system and found that RTV615 A contains dimethylvinyl terminated silicone prepol-
ymer (with a wide bimodal molar weight distribution of 4000 g-mol~*and 67000 g-mol-
1) with Pt based catalyst and that RTV615 B contains silicone with hydridosilane
components (also bimodal molar weight distribution of 1500 g-mol* and 60000
g-mol?) [45]. They obtained defect free silicone composite membranes using 7 w.
% of prepolymerised silicone in hexane as coating solution on polyacrlyonitrile
(PAN) support ultrafiltration membrane. The membranes were dip-coated by sub-
mersing a supporting membrane sheet glued to a glass plate into the coating solu-
tion. The produced silicone membrane was also compared to the MPF-50 mem-
brane from Koch and a silicone based composite membrane provided by GKSS
[27]. Dutzcak et al. developed a solvent stable silicone/ceramic composite mem-
brane using the RTV615 silicone system. The silicone was dissolved in toluene and
in a stepwise procedure prepolymerised prior to the dip-coating. This prepolymeri-
sation enabled production of a stable separation layer with minimum pore penetra-

tion [40].

2.4.2 Condensation reaction membranes

Linder et al. [30] described a production procedure of composite membranes with
improved solvent stability. As a support an ultrafiltration membrane made out of
thermally crosslinked polyacrylonitrile was used. To prevent pore intrusion the highly
solvent stable support was first coated with silanol terminated silicone (molar weight
of 4200 g-mol?) without catalyst. The impregnated substructure was further coated
with silanol terminated silicone (molar weight of 36000 g-mol?) with catalyst and

then thermally crosslinked.
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2.4.3 Membranes made out of silicone with reactive organic function-
alities

Silicone with reactive organic functionalities can be crosslinked with different
chemical reactions depending on the type of organic functionality introduced to the
silicone chain. The added organic functionality can then reinforce the silicone net-

work and/or tune the solubility of the final silicone separation layer.

2.4.4 Amino modified silicone for membrane production

An amine functional group can be effectively crosslinked with di- or poly- func-
tional acid chlorides, acid anhydrides, isocyanate, thiocyanate, sulfonyl chloride,
epoxides etc. [32, 46, 47]. Thin silicone separation layers can be produced out of
amino-modified silicone by a two-step coating procedure. The membrane support is
first impregnated with diluted amino-modified silicone solution and subsequently
dried. The second coating follows with a crosslinker solution, after which the silicone
is cured. Amino-modified silicone and crosslinker can also be dissolved in non-mix-
able solvents, from which a membrane can be produced by surface polycondensa-

tion [46].

2.4.5 Halogen functionalised silicones for membrane production

From the protective coating technology it is known that introduction of a fluori-
nated modification onto the poly(organosiloxane) backbone will reduce swelling of
the silicone in hydrocarbons [3]. Halogen modified silicones usually have additional
reactive groups, which can be crosslinked. Bitter et. al. [48] claimed such fluorinated
silicones for production of membranes capable of permeating a mixture of aromatics
and polar aliphatic components, while rejecting dissolved hydrocarbon oil. Abdellah

et al. [49] investigated photocrosslinkable fluorinated silicone with acrylate and vinyl
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urethane reactive groups for gas separation applications.

2.4.6 Radiation curable silicone for membrane production

Advantage of acrylate and epoxyde functionalities in silicone composite mem-
brane production is the fast and complete cure of the coated separation layer [49-
51]. These radiation curable silicones are available in the range from highly func-
tional, which give hard glossy coatings, to low functionalised, linear chains of dime-
thylsiloxane groups [52]. Chiou et al. describes an epoxy-functional silicone compo-
site membrane which has excellent solvent stability and a low level of leaching.
Ebert [53] also claims the improved stability of composite membranes with an acry-
late-functional silicone separation layer in separation of an edible oil and hexane
mixture. The influence of different crosslinking densities of acrylate-functional sili-
cones on membrane separation performance was investigated at Evonik Industries
AG [54]. In this patent an example for the production of silicone acrylate based

membranes with the desired properties was shown.

2.4.7 Membranes additionally crosslinked by high energy radiation

Schmidt et al. used high energy radiation crosslinking for post-treatment of al-
ready formed silicone layers. The radiation induced crosslinking of poly(dime-
thylsiloxane) improved anchorage of the separation layer onto the supporting mem-
brane. The produced layer is claimed to swell less and to have a stable performance

in organic solvents [55].
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2.5 Applications of silicone based membranes

2.5.1 Recovery of volatile organic compounds

Separation of gases is determined by their sorption and diffusion in the mem-
brane phase. Although volatile organic compounds have generally lower diffusion
coefficients, they permeate preferentially through the silicone membrane [9]. The
selectivity of commercial silicone membranes is for most organic compounds over
nitrogen higher than 10 [56]. Hence, silicone membranes have been successfully
used in chemical industry to recover hydrocarbons from plant off-gas streams. Sili-
cone membranes were also investigated in the recovery of liquefied petroleum gas,
such as the Cs+ hydrocarbons from methane or hydrogen [57]. Further applications
include adjusting the dewpoint of natural gas and the methane number control of

fuel gas for gas engines and gas turbines [58, 59].

One more distant industrial application of silicone membranes is biotreatment of
large air streams for removal of traces of organic polluters. In this operation the
membrane serves as a contactor between a contaminated air stream and a water
solution containing bacteria which can decompose the permeated organic com-

pounds [56].

2.5.2 Pervaporation

Pervaporation is a membrane separation process, where a feed liquid mixture is
contacted with a membrane, vacuum is applied on the permeate side and permeate
is removed as a vapour. A pervaporation process using a hydrophobic membrane
is commercially applied for the removal of traces of volatile organic compounds from
contaminated water. Good separation is achieved between nonpolar organic sol-

vents and water, because of the large difference in their solubility in the membrane
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phase [9]. Analogous applications have been studied for recovery of valuable aro-
mas and flavours out of diluted solutions [60, 61]. Efforts were also made to obtain
a robust and selective membrane for the recovery of ethanol. Potentially pervapo-
ration of ethanol from fermentation broth/water could contribute to reduce the energy

requirement for the production of fuel grade ethanol [44].

2.5.3 Application in food industry

In food industry no large scale application of hydrophobic membranes has been
realised yet. Most promising applications of silicone membranes are partial concen-
tration and de-acidification of hexane-extracted vegetable oils [62, 63]. Rama et al.
studied a soybean oil extract and succeeded in 9-fold concentration with acceptable
high flux, almost complete recovery of oil and significant reduction of the free fatty

acids content [62].

2.5.4 Process for purifying a liquid hydrocarbon product

Removing a few percent of high molecular weight contaminants from a hydrocar-
bon stream is mostly achieved by distillation or precipitation of contaminants by re-
frigeration. Both distillation and refrigeration are energy intensive processes. The
energy requirements of distillation increase considerably with higher boiling point of
the hydrocarbon stream. It was very early recognised that silicone based membrane
separations can be more efficient than conventional separation routes [64]. In the
eighties The Shell Oil Company claimed halogenated silicone membranes for sol-
vent recovery from a mixture with higher boiling hydrocarbons. The membrane was
claimed for solvent dewaxing of hydrocarbon oils [48, 65]. Shell further broadened
the patent to applications of hydrophobic membranes for purification of liquid hydro-

carbons with up to 5% of high molecular weight components [65, 66].
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2.5.5 Homogeneous catalyst recovery

The industrial application of homogeneous catalysts is strongly depending on the
possibility to recover/remove the catalyst from the product. When noble metal based
homogeneous catalysts are used, any improvement of catalyst recovery leads to a
large economic benefit [67]. Hence, in the early development of the membranes the
benefit of gentle separation of homogenous catalyst was investigated [68, 69]. Sili-
cone based membranes have been tested and claimed for different homogeneous
catalyst separations. Earliest applications of silicone based membranes involve con-
tinuously operated homogeneous catalysis [70] and recovery of homogeneous cat-
alyst from a high boiling residue of a distillated hydroformylation reaction mixture
[71]. Generally, since the seventies many homogeneous catalysed reactions in com-
bination with membrane separation were investigated. More detailed information

can be found in literature [72-75].

2.6 Conclusion

From the given chemical reactions of the silicone polymers one can recognise
how versatile the silicone based polymers are. Each having slightly different prop-
erties depending on the modification, but continuing to be a robust and chemically
stable material. Many of the reactive silicones were already used to produce silicone
based membranes, but only few have been tested in organic solvent nanofiltration

applications.

The chemical modification of the silicone has been further developed in many
non-membrane related applications. Combining this knowledge with new achieve-
ments in membrane production technology could improve any of the already known
application of silicone based membrane, as well as opening possibilities for novel

membrane separations.
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2.7 List of symbols

J solvent volumetric flux L-htm2
P specific polymer permeability L-um-ht-m2-bar?
Ap  transmembrane pressure bar
z separation membrane thickness um
& porosity -
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3 General theoretical and experimental part

3.1 Basic membrane concepts

A membrane is in general a physical barrier separating two phases. Membrane
separation processes are based on the difference in transport velocities of compo-
nents through this barrier. The driving force for component transport is the difference

in their chemical potential between the two phases.

Organic solvent nanofiltration (OSN) is a pressure driven membrane separation
process. The feed solution with a certain solute concentration is pressurised and
subsequently a portion of the feed solution starts to permeate through the mem-
brane. If the permeation rate of the solute is lower than the permeation rate of the
solvent a positive difference between solute feed concentration and solute permeate
concentration is observed. During the filtration the solute concentration in the feed
is increased compared to the beginning of the filtration process. This stream is re-
ferred to as retentate or concentrate. The different streams in membrane filtration

are shown in Figure 11.

Feed Retentate

¢ 0

Pemeate

Figure 11: Feed, retentate and permeate streams in membrane filtration.

The solute with the lower permeation rate is transported with the permeate stream
to the membrane surface, where it can accumulate. The back flow diffusion coun-

teracts the developed concentration difference of the solute between the boundary
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layer on the membrane and the bulk feed phase. This phenomena is referred to as
concentration polarisation and is shown in Figure 12 under steady state conditions

(taken from [1]).

Membrane
Bulk | Boundary
feed | layer
| ¢'fmj
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Figure 12: Concentration polarisation phenomena under steady state condi-

tions, taken from [1].

Where J, is the total volume flux equivalent to permeate velocity through the
membrane in m-s?, ¢ ., #p; and @,; are the volume fractions of component i in
the bulk feed phase, in the feed phase near the membrane surface and in permeate,
respectively. D; is the Fickian’s diffusion coefficient of the highly diluted component
I in the boundary layer and x is the distance to the membrane surface. Hence two
rejections can be defined, the measured or observed membrane rejection according

to

Ppi

Rejectionspj =1———, 1
bji
and the real membrane rejection given by equation 2, which is in general higher

than the measured rejection.

Pp.i

Rejectiontm, =1-—— >

m,i
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The value of real membrane rejection can be calculated from value of measured
rejection by correcting it for the effect of concentration polarisation. The concentra-
tion polarisation phenomenon in filtration experiments can be mathematically de-
scribed by the Sherwood’s stagnant film approach [2]. Taking the volume fraction
as solute concentration, the concentration polarisation can be described by equation

3.

Jp :In((ﬁfm,i —Pp. j 4
Kst, db,i —Pp,

Where Kk ; is the mass transfer coefficient of component i in the feed boundary
layer in m-s™1. Equation 3 can also be defined in the form of characteristic dimen-

sionless Peclet (Pe) and Sherwood (Sh) numbers given by equation 4 [3].

&zln(—‘ﬁf""i o J with

Sh Proi — P,
Pe:M-dhyd :Jp-dhyd A
p-Di D;j
Sh — Kst,i -dhyd
Di

Where M is the total permeate mass flux, p is the mass density in kg:m3 and

dyyq is the hydrodynamic diameter in m.

Substituting equations 1 and 2 into equation 3, the following relation between

measured and real membrane rejection is derived (see equation 5).

1-Rejections,, _1-Rejectionsm, exp( Jp J
Rejectionip,i Rejectionsm; Ksfi
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3.2 Cross-flow filtration rig

The cross-flow filtration setup has three flat rectangular membrane cells con-
nected in parallel. The filtration cells have 20 cm length, 4 cm width and 0.1 cm

channel height. The process flow diagram of the setup is given in Figure 13 .
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Figure 13: Process flow diagram of the cross-flow filtration set-up.

At the start of operation approximately 2 L of feed mixture is poured into the
closed jacked tank equipped with a mechanical stirrer. Then the feed is directed into
a recirculation loop by a high pressure pump (12 kg-h?). In the recirculation loop a
pump with capacity of approximately 700 L-h, temperature and pressure indicators

and a low/high pressure security switch are installed. Further on, the recirculated
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stream separates into three membrane modules. After the modules pressure, flow
rate and temperature are measured. A heat exchanger and jacketed feed tank are

used for tempering via external temperature control by an additional cryostat.

Permeate streams can be directed to the feed tank over coriolis flow meters or
for sampling. The permeate pressures are monitored on all permeate streams. Per-
meability was calculated from the measured mass flow (rﬁ ), mass density at exper-
iment temperature ( p), transmembrane pressure (Ap) and active membrane area

(A,,) as given by equation 6.

Permeabitiy:L 6

The rejection was calculated using measured volume fraction of styrene oligo-

mers in permeate and retentate (see equation 1).

3.3 Concentration polarisation in rectangular cross-
flow filtration cells

The Sherwood correlation derived by Lyster and Cohen was taken for evaluation
of an axially averaged mass transfer coefficient in a rectangular channel [4]. The
Reynolds number (Re) is in this case defined by equation 7.

_V:H-p
n

Re

Where v is the average feed cross-flow velocity in m-s, H is the feed channel

height in m, p is the mass density in kg-m3 and 7 is the viscosity in Pa-s.

The Schmidt number Sc is given by equation 8.

34



Chapter 3

Sci - 8

p-Di
Where diffusion coefficient (Dj) is given in m2.s. The effect of permeate flux is
included by the average Reynolds number for permeate (Rep ) given by equation
9 which contains the axial average permeation velocity, which is equal to the per-

meate volume flux.

— Jo.-H-

Rep =222 0
n

The Sherwood number of a rectangular filtration channel with height H and

length L is given by equation 10 [4].

1/3
sh, = e H_ A{1+ A, -Re’ .Sch (EJ%R_%J(Re -Sc-ﬂj
D, L L

A1=1.72

A2=1.25 10
A3 =-0.31

As=0.50

As=-0.28

3.4 EMET stirred filtration cell

The Evonik Membrane Extraction Technology (EMET) stirred cell is a high pres-
sure Hastelloy filtration unit. The total volume of the cell is approximately 250 ml and
the active membrane surface is 51.4 cm2. The Teflon coated magnetic stirrer is fixed
on a guiding axis on the top of the cell and enables stirring of the feed close to the

membrane surface. A sketch of the EMET stirred cell is given in Figure 14.

At the beginning of the filtration experiments the dry membrane sheet is installed.

After filling the cell with the feed, it is closed and pressurised using external high
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pressure nitrogen supply. The collected permeate is measured by an analytical
scale and recorded over time. The mass flux in kg-ht-m2 is calculated using equa-

tion 11.

Am

M =
At-Am

11

IO,
High pressure N2

V

Membrane
\/ [ —— \ Permeate
—

Magnetic stirrer

Figure 14: Scheme of EMET stirred filtration cell.

The measured membrane flux at room temperature is transformed to the value

at 23 °C using the following viscosity correlation

M(23°c)=mr) 1)
n(23°C)

12

3.5 Concentration polarisation in EMET stirred cell

The Sherwood correlation given by equation 13 can be used to predict the mass

transfer coefficient in the boundary layer of a stirred filtration cell [5].

Shi = Ksti-r

ZA-REB-SCiC 13

Di
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Where 1 is the radius of the membrane cell in m. The corresponding Reynolds

and Schmidt numbers are defined by equations 14 and 15.

2

Re:u 14
n
n
Scj=——
) 15

Where o is the average radial velocity of the feed in rad-s. The average radial
velocity of the feed is smaller than the radial velocity of a stirrer ws or in this case
the radial velocity of a magnetic stirrer @, . Hence, by using the radial velocity of a
magnetic stirrer instead of the feed radial velocity, the Reynolds number for the stir-

rer (Res) can be defined (see equation 16).

@ I -
Re, =¥¢m™ " P 16

n

The modified Sherwood correlation is shown in equation 17.
Sh=A-Red -Sc® 17

The average radial velocity is strongly influenced by cell geometry, thus coeffi-
cients A, B and C are different for each type of stirred cell. Hence, determination
of coefficients A, B and C for the EMET stirred cell has been done from experi-

mental data.

3.5.1 Estimation of Sherwood correlation parameters for EMET stirred
cell

The measured rejection defined in equation 1, changes with the intensity of the

concentration polarisation, hence measured rejection is a function on radial stirrer
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velocity (see equation 18).

Pp,i

Rejectionsy;i (wnms ):1—T 18

|
When no concentration polarisation occurs, which would be the case of infinitely
fast stirring ws —> o, the concentration of component i on the membrane ap-
proaches the concentration in the bulk feed @rm,i —>@tb,i and the measured rejection
approaches (real) membrane rejection. The expression for membrane rejection is

defined by

Rejectionim, = lim Rejections;i (ws ) 19
W—>0

Assuming that the membrane rejection is constant for the investigated concen-
tration range of component i in one solvent; at the applied transmembrane pressure
and temperature the Sherwood correlation coefficients (A, B, C) can be estimated

from experimental data by applying equations 5 and 20.

Ksf,i T
Sf"([)ﬂ:p\.(pges (s ) -Sc© 20
i

3.5.2 Experimental results for estimation of coefficients of the Sher-
wood correlation for the EMET stirred cell

Filtration experiments with ONF-2 membrane from GMT Membrantechnik were
performed with docosane/heptane and docosane/toluene mixtures at two pressures
at different magnetic stirrer velocities, hence at different intensities of the concen-

tration polarization phenomenon.

The investigated EMET stirred cell given in Figure 10, was equipped with a high
pressure pump (1.1 kg-h't) and an external feed tank. Both retentate and permeate

stream were redirected into the feed tank. With this modification, it was possible to
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run longer experiments with fast permeating solvents and make the estimation of
coefficients A, B and C in a steady-state operation. The scheme of the modified

set-up is given in Figure 15.

b
%@@

M

N

- —ng—r©©|

Magnetic stirrer % Magnetic stirrer

Figure 15: Scheme of EMET stirred filtration cell equipped with pump and ex-
ternal feed tank.

The concentration of docosane in heptane and toluene was 1.1 + 0.1 g-LX. The
experiments were made at 20 bar and 30 bar for each mixture at room temperature.
The stirrer of the used setup was driven by a magnetic stirrer plate. The experiments
were performed at a magnetic stirrer rotational speed between 0 and 625 rounds

per minute.

The estimation of coefficients A, B and C was done for experimental data with
a stirrer rotational speed between 100 and 625 rounds per minute assuming that
above 100 rounds per minute the effect of the turbulence of the introduced pump
can be neglected. The measured rejection without stirring was very low (see Figure
16 and Figure 17), indicating that the formed concentration polarisation layer was

not affected by the feed pump flow.
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For the evaluation of the experimental results, the diffusion coefficient of do-
cosane was required. For the calculation of the diffusion coefficient of docosane in
heptane the Hayduk and Minhas correlation for normal paraffin solutions [6, 7] was

chosen (see equations 21 and 22).

T1.47 '7711(
Di=13.310° ——— 91
’ | 0.71
V™
10.2
K:W'O.791 22

Where Dij is diffusion coefficient in cm?s, T is temperature in K, 77j is solvent

viscosity in cP and Vim’I is the molar volume of the solute in cm3mol.

For the diffusion coefficient of docosane in toluene the Hayduk and Minhas cor-

relation for nonaqueous solutions was applied [7] as shown by equation 23.

mol \0-27
(Vj ) T1_29 7/1_0.125 s
0.42 0.92 0.105
ol ni- i

Di,;=1.55-10"%

The diffusion coefficient (Di j) is given in cm?.s2, the temperature (T ) is given in
K, the solvent viscosity (77j) in cP. Molar volumes (Virlrlol and ijo' ) are given in

cm3-mol* and surface tension values (y7; and y;)in mN-m.

The estimation of Sherwood coefficients was made by applying Microsoft Excel
Solver function and minimising the average absolute difference between measured
and rejection values calculated by the mathematical model. The variables set in the
solver function are model coefficients A, B and C, and four specific membrane
separation properties: real membrane rejection of docosane in heptane at 20 bar
and 30 bar and real membrane rejection of docosane in toluene at 20 bar and 30

bar. The resulting Sherwood expression for the EMET stirred cell is presented in
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equation 24.

K. -1
Sh =— - A.Ref .scC
D.

A=0.0117 24
B=0.845
C=0.349

The calculated docosane concentration range on the membrane surface was be-
tween 1.2 g-L''to 2.1 g-L1, thus supporting the hypothesis of constant membrane

rejection for a highly diluted mixtures.

Figure 16 and Figure 17 show measured rejections, real membrane rejection
given and rejection values calculated by the mathematical model with the estimated

parameters.
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Heptane at 30 bar Heptane at 20 bar
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Figure 16: Measured rejections (e), estimated real membrane rejection (-) and
rejections calculated by the Sherwood correlation with estimated parameters
(---) of docosane in heptane at different magnetic stirrer velocities.

Toluene at 30 bar Toluene at 20 bar
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Figure 17: Measured rejections (e), estimated real membrane rejection (-) and
rejections calculated by the Sherwood correlation with estimated parameters
(---) of docosane in toluene at different magnetic stirrer velocities.

The derived Sherwood correlation with estimated parameters specific for the

EMET stirred cell could accurately represent the measured rejections at different

stirrer velocities of docosane in heptane and in toluene at 20 bar and 30 bar with
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the assumption of constant membrane rejection in a solvent at a defined filtration

pressure and temperature.

In the following, the obtained Sherwood correlation for EMET stirred cell was fur-
ther applied to correct the measured rejections in diluted styrene oligomer/solvent
mixtures which were used to investigate the mass transport through the silicone

based membrane.

3.6 Styrene oligomer series

Styrene oligomer series were obtained by mixing of 2,4-diphenyl-4-methyl-1-pen-
tene (a-methylstyrene dimer) with 97% purity (Aldrich Chemistry), polymer standard
polystyrene PS580 and polystyrene standard PS1000 (Varian). According to sup-
plier information for polystyrene standards, styrene oligomers have n-butyl end
groups. Therefore, the molecular weight of individual oligomers was calculated us-

ing the structural formula given in Figure 18.

H—CH,—CH —{CH,CH,CH,CH,

Figure 18: Structural formula of polystyrene standard from Varian.

The a-methylstyrene dimer has the following structural formula:
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CH,

CH,~ CH:

Figure 19: Structural formula of a-methylstyrene dimer from Aldrich Chemistry.

The density of a-methylstyrene dimer was given by Aldrich specification as 0.99

kg-dm= at 25 °C.

3.6.1 HPLC analytics of styrene oligomer series

As suggested in literature [8], for all styrene oligomer samples a solvent swap
was performed and the samples consequently analysed using HPLC (Shimadzu

Corporation) with a diode array detector.

Separation of styrene oligomers was achieved with a reverse phase column Nu-
cleodur C18 Pyramid, 5 um (250 x 4 mm) and eluent tetrahydrofuran/water
(THF:H20 65:35 vol.%) and additional 0.1 vol.% trifluoroacetic acid (TFA) on top.
HPLC operation parameters used are 1 mL/min flow rate, 50 pL injection volume,

45 °C oven temperature and UV chromatogram output at 264 nm.

3.6.2 Calibration of styrene oligomer analytics

Using relative peak surfaces of a HPLC chromatogram of pure polystyrene stand-
ard PS580 a weight averaged molecular weight of approximately 580 g-mol? was
calculated. This confirmed that the measured peak surface is directly proportional

to the mass concentration of each oligomer.

The developed HPLC method was calibrated using dilution series of polystyrene
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standard PS580 and peak surfaces of each oligomers (“Since the UV detector is
sensitive to the number of light-absorbing phenyl rings units in the oligomer” [9]).
The obtained calibration curve based on peak surface and mass concentration is

identical for all oligomers as given in Figure 20.

0.5

I 1
O O Measured
— Calibration curve

Concentration [g-L1]
o (@)
w =
1

©
|

0 & I I I I
0 0.3 0.6 0.9 1.2 15

Peak surface [10° mAU-s]

Figure 20: HPLC calibration line of styrene oligomers.

Since the absolute peak surface is used (Absorption Units in time - mAU-s), the
obtained calibration curve is fixed to the injection volume of 50 uL. The concentration

in g-L"! can be obtained by equation 25.

Ci =2.35.10"" - peak surface 25

The calibration of a-methylstyrene dimer could be made with the pure substance

(see Figure 21).
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Figure 21: HPLC calibration line of styrene oligomers.

The a-methylstyrene dimer calibration curve for injection volume of 50 pyL and

absolute peak surface is given in equation 26.

Ci ~=4.12-10® . peak surface 26

3.6.3 Density and volume fraction of styrene oligomers

For evaluation of concentration polarisation in the performed filtration experi-
ments, molar volumes and diffusion coefficients of all oligomers are needed. The
liquid molar volumes at 298 K of styrene oligomers were estimated by using the
Constantinou and Gani group contribution method [10]. The estimated liquid mass
densities of styrene oligomers were compared to density data of crystalline polysty-

rene (n — o0) and hexylbenzene (n =1) as shown in Figure 22.
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Figure 22: Predicted densities of styrene oligomers in comparison with the
densities of crystalline polystyrene and hexylbenzene.

If additivity of molar volume is assumed, the volume fraction of the styrene oligo-

mer in the mixture can be calculated using equation 27.

ol

g =ci -
T Mw

27

Where C; is the measured mass concentration of the styrene oligomer in g-L*?,
Mw; is the molar weight of styrene oligomer in g-mol* according to the formula

given in Figure 18 and VimOI are the estimated liquid molar volumes of styrene oli-
gomer in dm3-mol-=.

3.6.4 Diffusion coefficients of styrene oligomers

The Nakanishi correlation given by equation 28 was chosen for the prediction of

the styrene oligomer diffusion coefficients (Di,j ) in liquids at infinite dilution in cm?-s

1. The Nakanishi correlation has a good predictive accuracy for solvents used in this
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work and requires unlike other correlations the styrene oligomer molar volume at

298 K.

+2.4o-1o—8 AjS;pV™ T

li-Si v,™ i

28

Where factors |;, S;, S; and A, are corrections for nonidealities and VimOI and
ijo' are molar volumes in cm3-mol?, for solute and solvent, respectively. The sol-
vent viscosity (77j) is given in cP at system temperature T in K [7]. Taking the esti-
mated liquid molar volumes at 298 K of styrene oligomers and assuming Nakanishi
factors for the styrene oligomers to be equal to 1, diffusion coefficients of styrene
oligomers at infinite dilution in toluene and cyclohexane could be calculated. The
predicted diffusivities for styrene oligomers at infinite dilution at 25 °C and measured

literature data in toluene at 20 °C and cyclohexane at 34.5 °C [11] are given in Figure

23.
toluene at 20 °C cyclohexane at 34.5 °C
10 I I I I 10 I I I 1
— Predicted — Predicted
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Figure 23: Diffusion coefficients of styrene oligomers: predicted by Nakanishi

correlation and measured literature data in toluene at 20 °C and cyclohexane
at 34.5°C (taken from [11]).
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3.7 List of symbols

li, Si, Sj, Aj

Pe

Ap

Re

active membrane surface
mass concentration

diffusion coefficient of component i

diffusion coefficient of component i in com-

ponent |

hydrodynamic diameter

feed channel height
Nakanishi nonlinearity factors for compo-

nent i in component |

permeate volumetric flux

mass transfer coefficient of component i in

the boundary layer
feed channel length
permeate mass flux

mass

mass flow

molar weight of component i
number of monomer units
Peclet number
transmembrane pressure
radius of membrane cell

Reynolds number

m2
g.L-l
mZ-S'l’ sz-s'l

mZ.S-l’ CmZ.s-l
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stirrer Reynolds number

average Reynolds number for permeate

Schmidt number

Sherwood number

absolute temperature

time

average feed cross-flow velocity

liquid molar volume of component i

mass fraction of solvent |

distance to membrane surface

Greek symbols

7i
i
Yo,
Pi

Prpms

¢fb,i

¢fm,i

surface tension of component i

dynamic viscosity of component |
mass density

solvent mass density

PDMS mass density

volume fraction of component i in the bulk
feed

volume fraction of component i in the bulk
feed in the feed near the membrane sur-

face

volume fraction of component i in the per-

meate

mN-m-1
Pa's

kg:m=3, kg-dm=

kg-m3

kg-m3
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w average radial velocity of feed rad-s*
. . . <1
oR radial velocity of a stirrer rad-s
. . . . <1
s radial velocity of a magnetic stirrer rad-s
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4  Comparison of different OSN membranes

Polymeric membranes produced for organic solvent nanofiltration (OSN) applica-
tions, similar to nanofiltration membranes for water applications, can be divided into
composite and integrally skinned asymmetric membranes. For composite asymmet-
ric membranes the separation layer is a homogenous polymer layer which is sup-
ported by a porous structure of a second polymer matrix, whereas an integrally
skinned asymmetric membranes separation layer and porous support are made out
of one polymer. Both types of membranes are backed by a non-woven fabric to give
additional mechanical stability to the final membrane structure. The schematic struc-

tures of composite and asymmetric nanofiltration membranes are given in Figure

24.
Separation layer 2 um
<200 nm

OIS SR8
[ Y I < i ,.\/\
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. /f\*,\ )9 ‘\JL/A[{ ! )_r\
ED ST /\E/v..\\./%
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Figure 24: Schematic structures of composite and integrally skinned asymmet-

ric OSN membranes.

The membrane separation of two components is achieved by the difference in
transport velocities caused by difference in sorption of the two components and/or
difference in diffusion coefficients of the components in the separation layer. Con-
sequently, different polymers and polymer morphologies result in different separa-
tion performance. Due to this reason an experimental comparison of a silicone

based composite membrane, a PIM (polymers of intrinsic microporosity) composite
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membrane and integrally skinned polyimide based membrane is given.

4.1 Polymers for OSN membranes

A highly crosslinked poly(dimethylsiloxane), a rubbery state polymer at room tem-
perature, was often reported in the literature for the production of silicone based
membranes for OSN applications [1, 2]. It was assumed that the separation layer of
the commercial silicone membrane ONF-2 provided by GMT Membrantechnik is
also a highly crosslinked poly(dimethylsiloxane) [3]. The structural formula of a di-

methylsiloxane monomer unit is shown in Figure 25.

CH,

|
Si-0O
I

CH,

Figure 25: Structural formula of a dimethylsiloxane monomer unit.

The composite membranes based on a PIM separation layer for organic solvent
nanofiltration are in general in an academic stage of development [4, 5]. The struc-
tural formula of a PIM-1 monomer unit is given in Figure 26. The PIM material, an
amorphous glassy state polymer at room temperature, consists of a rigid molecular
structure which cannot efficiently pack in the solid state, resulting in very high free

volume of this glassy polymer [6].
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Figure 26: Structural formula of PIM-1 monomer unit, taken from [4].

The integrally skinned asymmetric membranes made by phase inversion pro-
cess, have been first developed by Loeb and Sourirajan [7]. For the production of
integrally skinned OSN membranes, both, solvent stability and polymer processa-

bility are important properties [8].

Commercial solvent stable polyimides: P84® and Matrimid® are amorphous
glassy polymers at room temperature and have been used to produce membranes
for OSN applications [9]. To increase the polymer stability the polyimide membranes
made by phase inversion can also be additionally crosslinked [10-13]. Such highly
solvent stable membranes are the DuraMem® membrane series provided by EMET
[14]. The DuraMem® membranes are formed out of polyimide P84® dope solutions

by phase inversion process and are then treated by amine crosslinking agent [13].

The general formula of monomers of P84® polyimide are shown in Figure 27 [15].
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Figure 27: Structural formula of polyimide P84® monomer units, taken from
[15].

4.2 Experimental

4.2.1 Swelling experiments

The preferential sorption of a component in the membrane polymer influences
the membrane separation properties. Acetone and heptane were chosen because
of their difference in polarities and similar viscosities. Dispersion, polar and hydro-
gen bonding Hansen solubility parameters (see definition in Chapter 5) are given

together with other solvent properties in Table 1 [16, 17].
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Table 1: Hansen solubility parameters, molar volume, surface tension and vis-
cosity of acetone and heptane at 25 °C.

5° 5P " V™ 7i m
[((MPa)°9] [cm3mol?!] [mN-m?1] [mPa-s]
Acetone 155 10.4 7.0 74.0 22.72 0.308
Heptane 15.3 0 0 147.4 20.01 0.388

The poly(dimethylsiloxane) swelling experiments were made with eleven sol-

vents. The experimental work with PDMS sheets is described in detail in Chapter 5.

The swelling experiments of P84 polymer sheets were made in heptane and ac-
etone. The P84 polymer was provided by Evonik Industries AG. In order to have
short diffusion paths for the solvent in the polymer sheet, 300 um thick layers of 27
w. % of P84 in dimethylformamide were cast on a glass plate. The solvent was
evaporated at 100 °C over night. The rest solvent was extracted in water, after which
the polymer sheets were dried at 120 °C for 3 h. The produced polymer sheets with
length | were further soaked in solvents (over 90 days) and the elongation of the
polymer sheets was measured (Al ). Assuming isotropic swelling, the solvent vol-

ume fraction in the swollen polymer sheets was calculated using equation 29.

¢i=1—( | j 29
| + Al

The swelling results for PIM-1 in heptane and acetone were taken from literature

[18].

The summarised values of volume fraction of acetone and heptane in PDMS,

PIM-1 and P84 sheets are given in Table 2.
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4.2.2 Filtration experiments

Filtration experiments were performed with ONF-2 (GMT Membrantechnik), PIM-
1 and DuraMem500 (EMET) flat sheet membranes. For filtration experiments hep-
tane and acetone in technical purity were used. Filtration experiments were per-
formed in the cross-flow filtration rig at a pressure of 30 bar and a temperature of 30
°C. Previous to the styrene oligomer mixture the membranes were operated at given
conditions with pure solvent for approximately 3 days. The styrene oligomer solution
was made from solvent and approximately 2.1 g-L* of styrene oligomers (0.1 g-L*
a- methyl styrene dimer, 1 g-L* polystyrene standard PS580, and 1 g-L*polystyrene
standard PS1000). After the solvent was replaced by the styrene oligomer/solvent
mixture the filtration was run for another 24 h, after which the samples of permeate
and retentate were taken for analysis. The conditioning and sampling procedure

were similar for all membrane samples.

From the measured styrene oligomer rejection results the membrane (real) sty-
rene oligomer rejections were calculated by applying the Sherwood correlation for
concentration polarisation for a rectangular channel [19]. The process flow diagram
of the used filtration rig, the used analytical tools and complete set of concentration

polarisation equations are given in Chapter 3.

4.3 Results and discussion

The measured solvent volume fractions for PDMS and P84 homogeneous poly-
mer sheets, together with the literature data of PIM-1 [18] swelling are given in Table
2 together with the measured solvent permeabilities of the membranes produced

from these materials.

The permeabilities of the rubbery silicone composite membrane ONF-2 (GMT

Membrantechnik) and the glassy composite membrane PIM-1 are consistent with
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the swelling degree of these polymers in solvents. Likewise, for the P84 polyimide
the swelling behaviour has the same trend as the permeability of integrally skinned

membrane DuraMem500 (EMET), made out of crosslinked P84.

Table 2: Acetone and heptane permeabilities of ONF-2, PIM-1 and Du-
raMem500 membranes and the solvent volume fractions in the sheets of cor-

responding polymers.

Membrane | Material | Geometry  Volume fraction Permeability
[-] [L-ht-m2-bar?]

Ace- Hep- Hep-
Acetone
tone tane tane

ONF-2 PDMS | composite  0.253 0.624 2.05 4.40
PIM-1 PIM-1 | composite  0.394 0.353 18.24 3.06

Du- P84

asymmetric  0.143 0.012 1.72 0.08
raMem500

The measured styrene rejection in acetone and heptane for the rubbery silicone
composite membrane ONF-2 (GMT Membrantechnik), the glassy composite mem-
brane PIM-1 and the integrally skinned DuraMem500 (EMET) are given as symbols,
while the real membrane rejections corrected for a concentration polarisation are

given as lines in Figure 28, Figure 29 and Figure 30, respectively.
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Figure 28: Measured rejection (e, A ) and real membrane rejection corrected
for concentration polarisation effects (-, ) of styrene oligomers for ONF-2
membrane in heptane and acetone.

For the rubbery silicone composite membrane ONF-2 a lower rejection of styrene
oligomers in acetone compared to rejection of styrene oligomers in heptane can be
observed in Figure 28. This can be explained by the reduced acetone permeability
while the styrene oligomer transport is similar compared to the heptane mixture,
resulting in the lower difference in the transport velocities between solvent and so-

lute, hence in a lower rejection.
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PIM-1 in acetone
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Figure 29: Measured rejection (e, A ) and real membrane rejection corrected

for concentration polarisation effects (-, --) of styrene oligomers for PIM-1

membrane in heptane and acetone.

In the case of the glassy composite membrane PIM-1 the measured rejection in

acetone is much lower than for heptane (see Figure 29). Once the measured rejec-

tions in acetone were corrected for the concentration polarisation effects it can be

observed that the real membrane rejection of PIM-1 in acetone is similar to the PIM-

1 membrane rejection in heptane.

The styrene oligomer rejections in heptane and acetone for integrally skinned

DuraMem500 are given in Figure 30.
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Figure 30: Measured rejection (e, A ) and real membrane rejection corrected
for concentration polarisation effects (-, ) of styrene oligomers for
DuraMem500 membrane in heptane and acetone.

For the DuraMem500, crosslinked integrally skinned membrane made by phase
inversion process, the rejection in acetone reaches the expected 95% for the sty-
rene oligomer with 500 g/mol. When the same membrane sheet was tested in hep-
tane as solvent, the flux was much lower and a maximal rejection of 58% was rec-
orded. Concerning the morphology of this nanofiltration membrane it is not clear if

the separation layer can be considered as homogeneous or as a porous structure.

If assumed that the separation layer of DuraMem500 is a dense layer, the low
swelling of the membrane separation layer in heptane leads to low solvent permea-
bility and no separation performance between styrene oligomers and heptane. The
low rejection of larger styrene oligomers could then be explained by the existence

of imperfections in the membrane separation layer.

Otherwise, if a fine porous structure of the membrane separation layer is as-
sumed the adsorbed liquid film on the pore wall will influence the separation perfor-

mance. Guizard et. al. discussed for ceramic membranes that the capillary pressure

62



Chapter 4

is mostly defining penetration of a liquid in the membrane pores. But “In the pres-
ence of a meso- or microporous network, the disjoining pressure of wetting films
cannot be neglected. Repulsive forces with aqueous or polar solvents yield in a
positive contribution to the driving force whereas attractive (adhesive) forces en-
countered with non-polar solvents have a negative contribution.”[20] Expanding the
discussion given by Guizard et. al. to the relatively polar surface of a crosslinked
P84 integrally skinned membrane [11, 21] can lead to the interpretation, that the low
heptane flux of DuraMem500 can be explained by low surface tension and the low
polarity of heptane. Hence, heptane permeates mostly through the fractions of the
pores which are larger than the average. For larger pores the sieving effect for sty-

rene oligomer is lower, resulting in a low rejection.

4.4 Conclusion

From the presented data on styrene oligomer rejections by the rubbery silicone
composite ONF-2, glassy composite PIM-1 and crosslinked integrally skinned P84
based membranes it can be seen that the PDMS combines both chemical stability
and good performance in nonpolar and moderately polar organic solvents. The com-
posite structure of the ONF-2 and PIM-1 membranes underlines the homogeneous
polymer separation layer and gives the possibility to develop thermodynamic mod-

els to predict the membrane separation performance.

The glassy composite PIM-1 membrane has both, high fluxes and a good perfor-
mance in heptane and acetone. The very large flux of the PIM-1 layer can lead to
reduced system performance because of the concentration polarisation. The PIM-1
layer is not crosslinked. Hence it has limited stability in several industrially important
organic solvents [18]. As reported, additional crosslinking of PIM-1 would simulta-

neously increase the chemical stability and reduce membrane permeability [4].

63



Chapter 4

The crosslinked integrally skinned DuraMem500 has, as given in the recommen-
dation of EMET, excellent performance in acetone as a polar organic solvent.
Hence, DuraMem membranes have directly opposite application fields compared to
PDMS based membranes [14]. The performance in nonpolar solvents, in this case
heptane, resulted in a very low flux and rejection. The integrally skinned structure of
the membrane makes it difficult to differentiate the separation layer and the support-
ing porous structure. Hence, the separation layer and its morphology cannot be eas-

ily described or modelled.

Because of the versatility of available PDMS materials, its good chemical stability
and the successful application of this polymer material in organic solvent nanofiltra-
tion, PDMS still remains one of the most promising materials in the development of

new optimised solvent stable membranes.

4.5 List of symbols

| polymer sheet length m
Al elongation of polymer sheet m
A molar volume of component i cm-mol*

Greek symbols

Vi surface tension of component | mN-m-*
o dispersion Hansen solubility parameter (MPa)°5
oF dipole-dipole Hansen solubility parameter (MPa)%5
sh hydrogen bonding Hansen solubility parameter (MPa)°s

64



Chapter 4

d, solvent volume fraction -

n; solvent dynamic viscosity mPa-s
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5 Solvent permeation through silicone-
based membranes

As the industrial interest rises for the application of organic solvent nanofiltration
(OSN) in production plants, the academic effort to develop predictive tools for sol-
vent and solute transport gain on importance [1-4]. The membrane flux and the sep-
aration behaviour of OSN membranes are mostly determined experimentally with
limited success in predicting these results. In the literature a large variety of models
were formulated to correlate the permeability of the membrane with different solvent
and membrane properties. Most of them use a solution-diffusion model in which the
permeability depends on the ability of the solvent to sorb into the polymer and the
solvent diffusion through the membrane in direction of the lower chemical potential
at the permeate side. The deviations between the experimental data and values
predicted by the solution diffusion models are regularly attributed to imperfections
in the membrane and non-selective convective contributions to the membrane [1, 4-

13].

Since, the chemical potential difference in the membrane is the driving force for
membrane separation, an accurate prediction of solvent concentration in the mem-
brane is crucial for the evaluation of mass transport through the membrane [14-16].
Here we start with a rigorous description using a predictive Flory-Rehner based ap-
proach to quantify the membrane swelling. To quantify the diffusive contribution to
the permeation through the membrane a Maxwell-Stefan description is used and

different methods to estimate the diffusion coefficient were compared.
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5.1 Theoretical background

5.1.1 Solubility parameters

Hansen solubility parameters (HSP) have been successfully used to predict pol-
ymer-solvent compatibility [17]. A good solubility is expected when two substances
have similar values of HSP. The three dimensional HSP are based on the assump-
tion that cohesive intermolecular forces consist of dispersion, dipole-dipole and hy-

drogen-bonding forces (see equation 30).

B Gef +6P )+

o i 30

Where E; is the total cohesive energy density, Vim"I is the molar volume, 5id :
6P and 5ih are dispersion, polar and hydrogen bonding Hansen solubility parame-
ter, respectively. Even though HSP have a thermodynamic meaning for most sub-
stances, the HSP are determined empirically with only limited accuracy [17, 18]. The
HSP are obtained by plotting a large number of experimental solubility data for one
component into a three dimensional plot and determining the centre of the solubility

sphere as HSP values of the investigated component.

Additional to HSP, the molar volume of a solvent influences the solubility behav-
iour. It was observed that smaller molecules have better solubility power than com-
parable larger molecules. Zellers et. al. [18] investigated alternative approaches in
determining HSP for polymers, by weighting the HSP of solvents, for example with
the volume factions of solvent (¢,) in the polymer/solvent mixture. The equation of

volume averaged HSP is given by equation 31.
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The Zellers et. al. expression is valid for dispersion as well as polar and hydrogen
bonding HSP. Next to the weight averaged HSP, Zellers et. al. estimated the HSP
using a modified Flory-Rehner equation for the calculation of the activity coefficient
of a solvent in a polymer. In the case of two butyl and natural rubber materials,
negative values of partial HSP were obtained [18]. Beerbower and Dickey [19] and
Zellers et. al. [18] discussed that the HSP can be regarded as empirical parameters,
which helps to predict the thermodynamic behaviour of polymers. Likewise, Hansen
states that it would be more appropriate to consider HSP as free energy parameters,
which represent all free energy effects other than the combinatorial entropy of solu-
tion [17]. Hence, HSP include other effects than enthalpy and can also have nega-
tive values. For example, the negative values have been reported in the literature

for several polyolefines, a polyamide, an amino resin and an acrylic compound [17].

Efforts have been made in expanding the HSP approach to predict membrane
performance [20-24]. Additionally, HSP are used in combination with the Flory-Hug-
gins equation to predict polymer swelling in multicomponent mixtures [25]. Following
up on Flory-Huggins/HSP approach to predict membrane separation, we first pre-
sent a short discussion on the Flory-Rehner (Huggins) model, in particular the as-
sumptions made within and the applicability of this model to predict PDMS swelling

will be given.

Then we extend the Flory-Huggins theory to incorporate elastic strain corrections
(Flory-Rehner) to the free energy together with HSP estimations of the enthalpy

interaction parameter. This Flory-Rehner/HSP model is formulated in such way that

71



Chapter 5

the swelling of a free standing polymer film as well as a polymer film attached to the
surface can be described. The Flory-Rehner/HSP model is further used with a Max-
well-Stefan diffusion model to predict membrane permeability. The detailed deriva-
tion of Flory-Rehner/HSP model and Maxwell-Stefan diffusion model models is

given in Appendix.

5.1.2 Consideration on Flory-Rehners’ approach

The Flory-Rehner equation has been long used to predict the concentration of
the solvents inside polymer networks. It comprises three free energy terms: entropy,
enthalpy and elasticity as given by equation 32 [26-28]. The Flory-Huggins equation
can be obtained from Flory-Rehner equation by neglecting the elastic chemical po-

tential contribution term.

Lii _ ﬂimx .entropy . ﬂirrix ,enthalpy +ﬂiela5tic
RT - RT RT RT  with
nix ,entropy
S =In(g)+1-4,
R-T
nix ,enthalpy , 32
—= Zi,m(1_¢i)
R-T

Iuielastic ) Vimol MW rmonorrer (1_2-ch j( ¢m1/3 _Pm j

R-T - r;lr,onlnnorrer Mw ¢ Mw o 2

Where y; is the total chemical potential of component i in the mixture, R is the
universal gas constant and T the absolute temperature of the mixture. g™ " |
1™ and 12%" are the chemical potential contribution terms of mixing en-
tropy, mixing enthalpy and elastic contribution due to swelling of the polymer net-

work, respectively. In the chemical potential contribution of mixing enthalpy figures
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the Flory-Huggins interaction parameter y; .. The elastic chemical potential contri-
bution includes the molar weight of monomer unit (MW nonomer ), monomer molar
volume (Vi o ), the molar weight of subchains between two crosslinks (Mw.),

the molar weight of oligomer before crosslinking (Mw ,) and ¢,, the volume fraction

of the membrane polymer in the mixture.

In the Flory-Huggins theory the interaction parameter ( y; ,,) determines an ener-
getic interaction between solvent molecule and monomer and it is assumed to be
constant. In the model derivation, the Flory-Huggins interaction parameter contains

several parameters as given by

TR N

ol

Z m,monomer R-T
Z' _ Zpolymer _2'f 0 33
mol 1_f0
[t
i

where Zpolyner is the polymer lattice coordination number, Vr%'mnoner monomer
molar volume and S and 5it are Hildebrand solubility parameters of the monomer
unit and of the solvent, respectively. The f, (fo <<1) parameter is the probability
“that the site is occupied by a polymer segment of a chain being placed [15]" [26-

28].

The thermodynamic foundation and this simple mathematical form of the Flory-
Huggins equation are the biggest advantages of the model. Even though it has been
successfully applied for many polymer systems it had only limited success in de-
scribing systems with higher non-ideality. The assumptions made in the derivation
of this theory are often analysed to explain the failure of the Flory-Huggins or Flory-
Rehner expressions in predicting concentration of weak solvents in the PDMS net-

work [29] and are stated as follows:
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e Does not account for the probability of overlapping chains.
e Does not account for volume change upon mixing.

e Does not account for local composition variations (e.g. cluster formation)

caused by differences in intermolecular forces.
e Assumes that all of the lattice sites are filled.

e Does not account for free volume differences between polymer and sol-

vent molecules.

Further developments on the Flory-Huggins theory which included the influence
of the free volume difference between polymer and solvent resulted in a group of
the free volume activity coefficient models [29]. PDMS is an exceptionally loose pol-
ymer structure, where its free volume percentage ranges the free volume of the
organic solvents. Therefore the free volume consideration had a low impact on pre-

dicting PDMS swelling [30].

Other thermodynamic descriptions such as UNIFAC models can only predict with
difficulty PDMS swelling in weak solvents [31] or solvent mixtures [32]. A compari-
son between Flory-Huggins (Rehner) and other methods to predict PDMS swelling

can be found elsewhere [31, 33-35].

5.1.3 Application of Flory-Huggins theory on membrane separation
layer

Flory-Huggins theory has been applied to many solvent/PDMS mixtures, hence
a large number of interaction parameters are available in the literature [36]. A more
accurate prediction of PDMS swelling with Flory-Huggins model was made by in-
cluding a concentration dependence of the solvent/PDMS interaction parameters

[37-41]. The correlations describing the concentration dependence of the interaction
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parameters are mostly empirical expressions of second order polynomial functions
of solvent volume fraction [37, 42], potential functions of volume fraction [42] or sim-
ple power law approaches [43]. Further optimisation in this direction was made in
postulating a more thermodynamically based correlation for the interaction param-

eter dependence on the solvent concentrations [44].

Bitter [15] addressed the non-ideality of a polymer lattice when different shaped
molecules are introduced. He added a correction for the coordination number Z,
which only effects the entropy contribution of the original Flory-Huggins expression.
He could find correlations for different solvent groups and polyolefins, which could
predict the change of the coordination number of the lattice. In a multicomponent
mixture Bitter suggested to use a ratio of the pure solvent coordination number and
the volume averaged coordination number of the whole mixture. With the changes
introduced to the Flory-Huggins expression, Bitter showed only moderate success

in predicting the swelling of polypropylene in a certain range of solvents [15].

Favre et. al. focused on the application of the Flory-Huggins theory to solvent
swelling of PDMS [45]. He reports some success of the Flory-Huggins equation in
describing PDMS/solvent mixtures for good and moderate solvents, but the model
fails in the case of weak solvents [46]. Favre et. al. identified the two most sensitive
parameters of the Flory-Huggins equation: the interaction parameter of weak sol-
vent/good solvent and the interaction parameter of weak solvent/membrane. The
authors discussed the phenomena of solvent cluster formation inside the PDMS
network [47]. Solvent clustering is expected when a large interaction energy differ-
ence between solvent-solvent and solvent-polymer segment molecules occurs. The
bulk phase of several solvents inside the PDMS network could also be experimen-
tally proven by differential scanning calorimetry [48-50]. The cluster formation influ-
ences both, entropy and enthalpy contributions of the Flory-Huggins expression

[45]. Likewise, the presence of solvent clusters influences the mass transport of the
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solvent through the polymer network. Favre et. al. further developed an empirical
two parameter correlation for the polymer swelling in a single solvent [46]. The pos-
sibility to predict the swelling in multicomponent systems was not further investi-

gated.

5.2 Predictive Flory-Rehner/Hansen solubility parame-
ters model

Only a few thermodynamic models can be used in a purely predictive manner.
These can be distinguished into two groups: the group-contribution based models
and the solubility parameter based models [25]. Lindvig et. al. [51] suggested to use

HSP to predict the Flory-Huggins interaction parameters as given by

mix ,entropy mix ,enthalpy
Hi K 4 M

R-T R-T R-T  with

_m'x ,entropy V_rml
A =In(g)+ g [ VTJ

mix ,enthalpy

o™ S (giai ) V™ Y4 aik)
R-T j j ok

34

ai, :g((@d 59 +0.25(5P 57 | +0.25(5" 6" )2)

where the a,; is the symmetrical interaction parameter between two compo-
nents. Hence, the Flory-Huggins interaction parameters can be calculated by equa-

tion 35.

Zii =2.v™ = 35

Lindvig et. al. have shown that the prediction accuracy of the derived Flory-Hug-

gins/Hansen solubility parameters model for multicomponent polymer mixtures is
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comparable to other predictive thermodynamic models [25]. Nevertheless, the gen-
eral limitations in the prediction of the Flory-Huggins interaction parameters from
solubility parameters remain: the solubility parameter approach neglects the con-
centration dependence of the interaction parameters and only positive values of in-
teraction parameters can be predicted whereas for some systems negative values

are found [36].

To describe the crosslinking effect on the swelling of polymer sheets and further
on the swelling of free standing and surface attached films, elastic free energy terms

were introduced to the Flory-Huggins/HSP model [25, 52, 53].

In the case of a free standing polymer film it was assumed that the network can
swell in all three dimensions when contacted with solvent. Whereas, the surface
attached network can deform in only in one dimension when contacted with a sol-
vent, because one plane of the film is immobilised by the surface attachment. The
Flory-Rehner/HSP model for multicomponent mixtures for free standing polymer or

surface attached polymer sheet is shown by equation 36.
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From equations 36 it is evident that the elastic term has a positive value only

when the molar weight of subchains between two crosslinks is smaller than half of

the molar weight of the oligomer. The models for free standing and surface attached

films have a value of zero for the elastic term when molar weight of subchains be-

tween two crosslinks is equal half of the molar weight of the initial oligomer. Hence,

the predicted solvent volume fraction for Mw_ =Mw /2 is same for the free

standing film and the surface attached one. Figure 31 shows a comparison of pre-

dicted swelling of PDMS network in toluene as a free standing polymer film and a

surface attached polymer film with different crosslinking degrees. The used model

parameters are given in Table 3.
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Figure 31: Comparison of free swelling and swelling of a surface attached
PDMS sheet in toluene for different values of polymer molar weight between

two crosslinks.

In Figure 31 it can be observed that attachment of the polymer sheet to a surface
will suppress the swelling of polymer film. The relative difference in swelling of a free
and surface attached polymer film is decreasing with increasing molecular weight of

subchains between two crosslinks [54].

5.3 Experimental

5.3.1 Swelling experiments

It was assumed that the two-part silicone RTV615 from GE cured at high temper-
ature has a similar composition and final crosslinking degree as the separation layer
of the PDMS based membrane ONF-2 from GMT Membrantechnik which was used

in filtration experiments.
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The cured RTV615 silicone has been often used as material in producing labor-
atory made PDMS membranes [10, 54, 55]. PDMS sheets were prepared by dis-
solving two RTV615 silicone parts in toluene (10 w. %) with the recommended ratio
of 1 part hydridosiloxane crosslinker with catalyst and 10 parts vinylsiloxane oligo-
mer. The PDMS solution was then poured into a flat dish. The toluene was left to
completely evaporate at room temperature. Afterwards the PDMS sheet was cured
at 120 °C for 24 h. An approximately 3 mm thick sheet was obtained and was cut in
two pieces. The leachable components of the produced sheet were removed previ-
ous to the swelling experiments by several extraction cycles with fresh toluene. The
prepared PDMS sheets were then used for swelling experiments and density meas-
uring. The PDMS density ( pppus ) Was determined using a pycnometer and toluene
as the reference liquid. The density was measured as 1.014 kg-dm=. The molar
volume of monomer unit was calculated by

ol _ MW nononer
m,monomer =—————————— 37

PPDMS

For the determination of equilibrium solvent swelling, the samples were placed in
the solvents at room temperature and left to swell for a day at minimum. The excess
solvent from the sheets was removed by paper tissue, after which the samples were
weighted with an analytical scale. The measurement was made for two sheets and
repeated to confirm the equilibrium swelling of the sheets. Between each solvent,
the sheets were dried at elevated temperature. Volume fraction of the solvent ¢,

was calculated from the solvent weight fraction W; by

W, /p,
W, /p; + (1_Wi )/pPDMS ,

¢, = 33
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where p; is the solvent mass density at room temperature. The measured sol-

vent volume fractions are given in Table 4.

5.3.2 Permeation experiments

The ONF-2 membrane was installed and operated in an Evonik Membrane Ex-
traction Technology (EMET) stirred cell (see Chapter 3 [56]) at approximately 23 °C
and 10 bar transmembrane pressure. The measured volume permeabilities of the

ONF-2 membrane at 23 °C and 10 bar are given in Table 5.

5.4 Results and discussion

5.4.1 Determining HSP of silicone membrane

For the application of the Flory-Rehner/HSP equation the molar mass of starting
PDMS oligomer and the crosslinked polymer networks are needed. Molar mass of
the RTV615 oligomer was taken from the literature [54] and the molar mass of the
polymer network was assumed to be very large. The HSP and the molar volume of

solvents were taken from the literature [17].

For a parameter sensitivity study of the derived model, the molar mass of the
polymer chains between two crosslinks was calculated using elastic theory given by

equation 39 [57].

Mw ¢ :M 39

Erpms

Where Eppys is the Young's modulus of elasticity, which can be found in the

literature for RTV615 silicone cured at high temperature [58].
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The predicted values of polymer swelling were also compared to the model pre-
dicted polymer swelling using literature values of HSP for PDMS material [18, 59].
The estimation of the parameters was made using MathCad software. The average
absolute (AAD) and relative deviations ( ARD ) of predicted solvent volume fraction
in the membrane using different sets of values for HSP and crosslinking parameter

are given in Table 3.

Table 3: Flory-Rehner/HSP prediction of PDMS swelling for different values of
HSP and crosslinking parameter with corresponding averaged absolute (AAD)
and averaged relative deviations (ARD).

s SP sh Mw ¢ AAD  ARD
[(MPa)°>*] [kg-mol]|  [-] [-]

Literature [58, 59] 17.0 2.9 2.4 3.9 0.240 0.842

Volume averaged
15.6 1.7 2.5 3.9 0.243 0.833

HSP [18, 58]

HSP estimated 14.8 -5.6 5.4 3.9 0.025 0.083
All estimated 14.8 5.4 5.2 3.0 0.022 0.078

From the values given in Table 3 it can be observed that the crosslinking param-
eter has only a low influence on the prediction accuracy of the PDMS swelling. In
the following modelling studies estimated HSP and Mw . parameters were used for
the description of membrane separation layer properties. The comparison between

experimental and predicted solvent volume fraction is given in Table 4.
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Table 4: Comparison between experimental and predicted volume fractions of
the solvent in solvent/PDMS mixtures.

Measured Predicted
Solvent solvent fraction solvent fraction
[-] [-]

Toluene 0.574 0.565
Dichloromethane 0.545 0.513
Hexane 0.627 0.677
Heptane 0.624 0.625
Octane 0.595 0.568
Ethyl acetate 0.491 0.476
Acetone 0.253 0.228
1-Butanol 0.189 0.171
1-Hexanol 0.154 0.155
1-Octanol 0.099 0.128
Isopropanol 0.236 0.205

5.4.2 Membrane permeability

In the next step a volume fraction based Maxwell-Stefan equation and the Flory-
Rehner/HSP model for surface attached polymer films were combined. For the pre-
diction of the Maxwell-Stefan diffusion coefficients the interpolation approach given
by Bitter [15] and the Free Volume theory by Wesslingh and Bollen [60] were inves-
tigated. The predicted permeabilities are compared with the measured solvent vol-

ume permeabilities given in Table 5.
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Table 5: Measured solvent permeabilities of ONF-2 at 23 °C and 10 bar.

ONF-2
Solvent solvent permeability
[L-h"t-m2-bar?]

Toluene 2.25
Dichloromethane 5.31
Hexane 4.14
Heptane 2.72
Octane 2.62
Ethyl acetate 2.48
Acetone 1.18
1-Butanol 0.24
1-Hexanol 0.21
1-Octanol 0.14
Isopropanol 0.18

5.5 Maxwell-Stefan mass transport model

5.5.1 Maxwell-Stefan equation based on volume fraction

The solvent volume fractions on the boundaries of the membrane separation
layer were calculated assuming no mechanical pressure loss over the membrane —

a prerequisite of the solution-diffusion mechanism [8, 53, 61].

The assumptions used for the calculation of the average volume fraction of the

solvent in the membrane separation layer are given by
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/ui,a -0
R.T feed side
Mip __Ap'VimOI .
RT RT permeate side
40
¢_‘ . ¢i,a - ¢i,ﬂ
.=
In P logarithmic average volume fraction,
.5

where 4, and g , are the chemical potential of component i in membrane at
feed and permeate side, respectively. Analogous, ¢, and ¢, 5 are volume fraction
of component i in membrane at feed and permeate side, respectively. The Ap
stands for the transmembrane pressure (Ap>0). For the prediction of the average
volume fraction of the solvent in the membrane (¢7i) several mathematical expres-
sions were tested. The logarithmic average which is between the geometrical and
arithmetic mean value was applied [61]. The general Maxwell-Stefan equation is

given by

= 41

Where Xj is mole fraction of component i, U; the component velocity and b,
are the molar Maxwell-Stefan diffusion coefficients. For describing the mass transfer
over a polymer film, it is more practical to use volume or mass fraction [16, 62, 63].
In the case of pure solvent the difference form of the volume fraction based Maxwell-
Stefan model [16] results in equation 42.

1 Ay _ % ‘]_u \E

- 42
b

R-T Zn i,m a Vnr1ml
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Where Z,, is the total membrane separation layer thickness, qz is the average
volume fraction of membrane polymer, Eﬁ is the average molar Maxwell-Stefan
diffusion coefficients of component i and the membrane, J; is the component vol-
umetric flux and VnTD' is the molar volume of membrane polymer and m is the
average molar volume of the mixture. The detailed derivation of this volume fraction

base Maxwell-Stefan model can be found in Appendix.

Since one-dimensional swelling of the film attached to the surface in pure solvent
is assumed, the membrane thickness can be defined as
Zm,dry

m= 43
Pm

The thickness of the dry membrane separation layer (z , 4, ) was estimated from

a SEM image of the membrane as 2.75 pum.

Assuming the existence of an effective molar volume of the membrane V™

m,eff

which is not infinitely large, the average molar volume becomes

-1

v | A bod)

| | 44
Nl nol
Vi Vm,eff
The average molar fraction (x_i) is then calculated by
X, = — ¢ Vim)l_ .
(6 v+ - )ve )
The expression for volumetric permeability is finally derived as
- | | - -
J_i:ET,m VT Ve |4 +(1_¢i) 46
Ap Zm,dry ‘R-T VirTDI Vrﬂff
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Now, only the value for the Maxwell-Stefan diffusion coefficient remains un-
known. It can be estimated using two different methods: (a) the Vignes and Darken

estimation and (b) based on the Free Volume theory.

5.5.2 Darken and Vignes interpolation rules for the prediction of Max-
well-Stefan diffusion coefficients

For ideal mixtures and mixtures of similar components it was suggested in litera-
ture [15, 16] to predict the Maxwell-Stefan diffusion coefficient at intermediate com-
positions by interpolation of the binary diffusivities at infinite dilution. The different
interpolation rules for the prediction of the Maxwell-Stefan diffusion coefficient have
been intensively studied for liquid mixtures [64]. In this case the binary diffusivities
at infinite dilution refer to solvent/solvent diffusivity coefficient and solvent/mem-
brane diffusivity coefficient. Bitter has applied the logarithmic interpolation to predict
the diffusion coefficient of components through the membrane [15]. He suggested
introduction of an additional constant in the Vignes interpolation rule to compensate
the non-ideality of the mixture. In this work such parameters were not included. We
focus on the membrane parameters, which determine the solvent/membrane diffu-
sivity at infinite dilution in a combination of different interpolation rules. The interpo-
lation rules for predicting the Maxwell-Stefan diffusion coefficient used here are
based on the Vignes and Darken equation [64] combined with volumetric fraction

and molar fraction (see Table 7).

The diffusivity coefficient at infinite dilution of the solvent/solvent (B;;) and sol-
vent/membrane (D ””) was assumed to follow the Nakanishi correlation given in
equation 47, which unlike other correlations requires the room temperature molar

volume and viscosity [65].
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oo (997107 2.40107°-A;-S; V) | T
" (Ii Vi )% li -Si Vi nj

a7

Where E)ijj_"’O is given in cm2s%, molar volumes V,™ and ijo' , for solute and
solvent, respectively, are given in cm3mol* and 7j is the solvent viscosity in cP at
system temperature T in K [65]. The Nakanishi correlation includes parameters |,

S, Sj and A;, which reflect the influence of polarity of the molecules.

The diffusivity coefficient at infinite dilution of the solvent/solvent has been pre-
dicted using the Nakanishi correlation with both, solvent and solute, having the same
molar volume and viscosity. The Nakanishi parameters used for solvents and the

membrane are given in Table 6 [65].

Finally, the effective membrane molar volume and effective membrane viscosity
were estimated from measured permeability data given in Table 5 using interpola-
tions rules given in Table 7 using MathCad software. Additional constraints were
imposed in the estimation of the effective membrane molar volume (Vn’q‘y‘;'ff ) and the
effective membrane viscosity (77, .« ): The solvent/solvent diffusion coefficient must
be larger than binary diffusivity of the solvent in the membrane at infinite dilution and

the effective membrane molar volume must be larger than the molar volume of the

monomer.

The estimated parameters and corresponding averaged absolute and averaged
relative deviations of the solvent volume permeability calculated using the estimated
values of effective membrane molar volume and effective membrane viscosity are

given in Table 7.
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Table 6: Solvent and solute parameters in the Nakanishi diffusion correlation.

Solute parameters Solvent parameters

Solvent

| [ Si AJ S ]

Toluene 1.00 1.00 1.00 1.00
Dichloromethane 1.00 1.00 1.00 1.00
Hexane 1.00 0.70 1.00 0.70
Heptane 1.00 0.70 1.00 0.70
Octane 1.00 0.70 1.00 0.70
Ethyl acetate 1.00 1.00 1.00 1.00
Acetone 1.50 1.00 1.80 1.00
1-Butanol 1.50 1.00 1.80 1.00
1-Hexanol 1.50 1.00 1.80 1.00
1-Octanol 1.25 1.00 1.50 1.00
Isopropanol 2.30 1.00 2.30 1.00
PDSM 1.00 1.00 1.00 1.00

Considering the averaged absolute and relative deviation within Table 7, the
Vignes equation with molar fractions gives the best representation of the measured
permeability data. The applied Vignes interpolation rule requires two estimated pa-
rameters for describing mass transport of the solvent through the membrane: the
effective molar volume of the membrane and the membrane viscosity. To apply such
a logarithmic interpolation rule to a multicomponent mixture, Bitter suggested to ex-
pand the expression with terms of binary diffusion coefficients at infinite dilution for

other components in the mixture [15].
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Table 7: The estimated parameters of Vignes and Darken interpolation rules
and corresponding averaged absolute and averaged relative deviations of the
predicted solvent volume permeability.

M e Vo AAD ARD
. [cm3. |[L-hlm?
Interpolation rule [mPa-s] [-]
mol-] -bar]
D, =0@,) B~ )(1“"') 173 3305 | 0447 0221
B, =6 D, +-g) D" 6.5 73.1 0656  0.261
) . (pm= ) 55 1361 | 0272  0.181
E)i,m _(Di,i) ) E)i,m ! ' ' ’

B, =X D +-x)B">" 4.2 731 | 0340  0.158

The parity plot in Figure 32 shows the measured over the predicted solvent vol-

ume permeabilities using Vignes interpolation rule based on molar fraction.

For the Darken interpolation rule based on molar fraction it could be observed
from Table 7 that the effective membrane molar volume has the value of the molar
volume of the monomer. Hence, only the effective membrane viscosity needs to be
estimated. The parity plot of predicted volume permeabilities using the Darken in-
terpolation rule is given Figure 33. The application of the Darken interpolation rule

on multicomponent mixtures has already been reported in literature [64].

The Darken and Vignes interpolation rules have good prediction accuracy for the
solvent volume permeation except for dichloromethane. This discrepancy contrib-

uted most to the averaged absolute and relative deviation of these models.
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Figure 32: Pure solvent permeability compared to predicted values using the
Vignes interpolation rule with estimated effective membrane molar volume and

viscosity.
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Figure 33: Pure solvent permeability compared to predicted values using the

Darken interpolation rule with estimated effective membrane viscosity.
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5.5.3 Free Volume theory for the prediction of the Maxwell-Stefan dif-
fusion coefficient

The Free Volume theory dates its first application at the beginning of the twentieth
century [60]. The application of the Free Volume theory on organic solvent transport

through silicone membranes can be found in literature [6, 7, 66].

The basic assumption made in the Free Volume theory is that a molecule only
migrates through the mixture when a “hole”, large enough for the molecule to fit in,
opens in its vicinity. Such migration of the molecules can be found under diffusive
and viscous flow conditions. The latest development in this theory has been contrib-
uted by Wesselingh and Bollen [60]. Different to the previous Free Volume theories,
Wesselingh and Bollen define the free volume accessible for a component using

surface fraction of the component in the mixture.

In the Free Volume theory, the molar free volume of a pure component (VF*J) is
defined as the difference between actual molar volume and the minimal (com-

pressed) molar volume of the component (V,") and is given by equation 48.

Vi =™ -V° 48

The minimal molecule diameters (d,) can be calculated using the minimal molar

volume, the Avogadro constant (N ,) and assuming a spherical molecule by

3V'. 1/3
di=2 SV 4
4.77-Na

The compressed pure solvent mass density (p;) relates to minimal (com-

pressed) molar volume and molar weight (Mw) as

o Mw;
pPi = v 50
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Using the Aspen Properties and the UNQUAC properties method solvent molar
volumes and viscosities at temperatures between 0 °C and 40 °C at 30 bar were
estimated. Further, the minimal molar volume and overlap factor (4, ) for each sol-
vent can estimated from the free volume definition of the viscosity as given by equa-

tion 51 [60].

ni (T )%ﬁ%exp(ii e \(/Ti.)—v-‘ J 51

The estimated values of free volume overlap factor and minimal molar volume for

the used solvents are given in Table 8.

.
m,ononer

The minimal molar volume of the monomer (V ) was calculated using the

expression of Bondi and a group contribution method for the Van der Waals molar

volume (V& . ) as shown in equation 52 [67].
Vn.w,m)noner =13 'Vr;/,dnvgnor’rer 52

Further equations used to predict mutual Maxwell-Stefan diffusivities are molar

fractions based on the monomer unit molar volume (Vrﬁ,ﬂonomr ) as given by

¢i /Virml
(qf, V™ 4 (1— qT,)/v ol

m, mononer

X, = ) 53

The total free volume of the solvent/polymer mixture (V¢ ), which is assumed to

be the molar averaged free volume of the pure components, is given by

Ve =Xk Ve 54
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Table 8: Estimated values of free volume overlap factor and minimal molar

volume for the tested solvents.

4 Vit

Solvent [-] [cm3-molY]
Toluene 0.609 85.6
Dichloromethane 0.593 48.8
Hexane 0.645 99.0
Heptane 0.616 116.2
Octane 0.720 126.7
Ethyl acetate 0.651 75.8
Acetone 0.574 56.2
1-Butanol 0.764 77.5
1-Hexanol 0.702 108.9
1-Octanol 0.792 136.8
Isopropanol 0.717 64.7

The free molar volume of the monomer unit can be directly calculated from the
measured polymer density and minimal molar volume using equations 48 and 52.

The surface fraction (o) of solvent and polymer are defined as

— X_L v,

o = Z(Xi v )2/3).

55

The surface weighed free volume (V) is given by
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VF,i = :IVF 56
Xi
The compressed mixture density (p°) is given by
. — Mw;
p = Z Xi o7
V L]

The pre-exponential friction factors (¢, ;) are derived from the Einstein-Stokes

equation and are for both, solvent and monomer, defined as

é’io#,jZZ'NA\/‘?"k'T'p.'di_ 58

The effective tracer friction coefficient (£, « ) is given by

0 Vi
Cinet =Cinj XPl A4 — 59
VE,
Mutual friction coefficients (g ;) are calculated by

C:i#,eff 'C:j#,eff . .
= | # ]

Z (Z : é/k#,eff ) ) 60

é/i,j

For pure solvent permeation experiments, a binary mixture solvent/membrane is
considered. The Maxwell-Stefan diffusion coefficient of the solvent in the membrane

is then defined by equation 61.
- R.T
Dip=—"

61
gi,m )

95



Chapter 5

The above defined Maxwell-Stefan diffusion coefficient was included in the ex-

pression for the volumetric permeability of the solvents (see equation 46).

The free volume of the monomer is influenced by the density of the polymer [31],
the minimal molar volume and the overlap factor [7] and has a large influence on
the predicted volumetric permeabilities [16]. The influence of the free volume over-

lap factor (4,,) and the minimal molar volume of the monomer (V,; ) on the

,rononer

averaged absolute and relative deviation are given in Table 9.

Table 9: Overview of estimated values of coefficients in the Free Volume the-
ory model and the corresponding averaged absolute and relative deviation of
the predicted permeabilities.

A V . monomer AAD ARD

[-] [cm3-molY] [L-ht-m2-bar?] [-]
Literature data 0.700 62.0 0.372 0.246
Both estimated 0.694 62.0 0.370 0.244

The accuracy of the Free Volume approach [60] could not be significantly im-
proved by parameter estimation for the monomer from pure solvent permeability
data. The parity plot of measured permeabilities and predicted permeability values
using the Free Volume theory and model parameters found in literature is shown in

Figure 4.
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Figure 34: Pure solvent permeability compared to the model prediction using
the Free Volume theory and model parameters found in literature.

It can be observed in Figure 34 that dichloromethane has a considerably larger
error compared to other solvents, similar to the previously investigated models
based on Darken and Vignes interpolation rules. This deviation, could be a result of
excessive swelling of supporting membrane layers such as poly(acrylonitrile) and
non-woven. But further research would be required to finally explain the experi-
mental data. The rest of the predicted permeability values have a remarkably small

error.

The biggest advantage of the Free Volume approach is the relatively high predic-
tion accuracy of the permeability without any estimated parameter from the perme-
ability measurements being required. The Free Volume theory can be applied to
predict the Maxwell-Stefan diffusion coefficients of multicomponent mixtures

through the membrane as found in the literature [4, 6, 16, 60].
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5.6 Conclusion

The modelling approach reported here focuses on the prediction of the swelling
behaviour of PDMS using Flory-Huggins (Rehner) based model equations and the
derivation of diffusion correlations, together predicting the solvent permeability

through PDMS membranes.

The Flory-Huggins/Hansen solubility parameters equation suggested by Lindvig
et. al. was expanded for the elastic contribution term for the case of free swelling as
well as confined swelling when the polymer film is attached to the surface [52]. The
Hansen solubility parameters of PDMS and the crosslinking degree were estimated
from experimental data made with a PDMS sheet. The derived Flory-Huggins/Han-
sen solubility parameters model and the estimated parameters gave a good predic-
tion accuracy of the swelling behaviour of PDMS sheet for the whole range of polar

to nonpolar solvents.

Combining the swelling of the membrane separation layer with different ap-
proaches to estimate the diffusional properties of the solvent allows a prediction of
the solvent permeability through PDMS membranes. The investigated diffusion
models included the Maxwell-Stefan diffusion coefficient approach with different dif-
fusion interpolation rules and the Free Volume theory. The Vignes interpolation rule
was found to best correlate the Maxwell-Stefan diffusion coefficients with binary dif-
fusion coefficients at infinite dilution. The Vignes interpolation rule was based on the
Nakanishi diffusion correlation with two estimated parameters, which describe ef-

fective membrane molar volume and effective membrane viscosity.

The Free Volume theory involves a larger set of equations, but these can be eas-
ily programmed [60]. The accuracy of the Free Volume model in combination with

the Flory-Rehner/Hansen solubility parameters expression was good, even if litera-
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ture values for the polymer free volume parameters were applied. The large influ-

ence of the free volume parameters of the solvent on the overlap factor and the

minimal molar volume of the solvent leave possibilities to refine the Free Volume

theory.

5.7 List of symbols

AAD
ARD

ai

li, Si, Sj, A,
J;

k

average absolute deviation
average relative deviation

symmetrical interaction parameter between

components i and |
minimal molecule diameters
total cohesive energy density of component i

Young’s modulus of elasticity for PDMS sheet

probability “that the site is occupied by a poly-

mer segment of a chain being placed [15]”

Nakanishi correlation parameters
volumetric flux of component |
Boltzmann constant

molar weight

molar weight of subchains between two cross-

links

molar weight of oligomer before crosslinking

molar weight of oligomer unit

L-h'l.m=2.pbar?

mol-m-3

J-mol?

Pa

JK?

kg-m-3

kgm-3

kg-m-3

kg-m-3
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N

Ap

Vrml

m,eff

v

mx

mol
m,monomer

Vo

m,mononer

Vdw
Vm ,monomer

Wi,

polyrer

Avogadro constant

transmembrane pressure
the universal gas constant

absolute temperature

velocity component i in the membrane
total free volume of mixture
molar free volume of a pure component i

surface weighed free volume of component i

minimal (compressed) molar volume of the

component |

molar volume of component |

molar volume of membrane polymer
effective molar volume of the membrane
average molar volume of the mixture
monomer molar volume

minimal molar volume of monomer

Van der Waals molar volume of monomer
solvent weight fraction

mole fraction of component |

molar fraction of component |

polymer lattice coordination number

m3

m3-mol-1

m3-mol-1

m3-mol-1

m3-mol-1

m3-mol-1

m3-mol-1

m3-mol-1

m3-mol-?

m3-mol-1

m3-mol-?
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Z., total membrane separation layer thickness
. thickness of the dry membrane separation
d
e layer
b, molar Maxwell-Stefan diffusion coefficient
i diffusivity coefficient of component i in compo-
plo* _
" nent | at infinite dilution
- average molar Maxwell-Stefan diffusion coeffi-
i,m . .
cients of component I and the membrane
solvent/membrane diffusivity coefficient at infi-
D_maoo

i,m

nite dilution

Greek symbols

dispersion Hansen solubility parameter of com-

5 _
ponent |

5P dipole Hansen solubility parameter of compo-
i nent |

s hydrogen bonding Hansen solubility parameter
i of component |

5t Hildebrand solubility parameters of the mono-
m mer unit

5 Hildebrand solubility parameters of component
' i

¢ f;‘ | pre-exponential friction factors

Ciseff effective tracer friction coefficient

4 ij mutual friction coefficients

mz.s'l

m2.s-l

m2.s-l

mz.s‘l

(pa)O.S

(pa)O.S

(Pa)?>

(pa)O.S

(pa)O.S

kg-molt-s?
kg-molt-s?

kg-mol?t-s?

101



Chapter 5

Hi

mix ,entropy
i

mix ,enthalpy
i

elastic

H;

0

Indices

m

dynamic viscosity of component |
effective membrane viscosity

overlap factor

total chemical potential of component | in the

mixture

chemical potential contribution term of mixing

entropy

chemical potential contribution term of mixing

enthalpy

elastic chemical potential contribution term of

mixing enthalpy

compressed mixture density

mass density

compressed mass density of component i
PDMS mass density

average surface fraction

the volume factions of component |

average volume fraction of component i in the

membrane

Flory-Huggins interaction parameter

membrane polymer

Pa's

Pa's

J-mol?

J-mol?

J-mol?

J-mol?

kg-m-3
kg-m-3
kg.m'3

kg'm-3
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PDMS poly(dimethylsiloxane)
a membrane polymer near feed surface
B membrane polymer near permeate surface
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6 Prediction of styrene oligomer rejection
curve by a silicone based membrane

Organic solvent nanofiltration (OSN) has the potential to be installed in a wide
range of industrial processes, where it can generate substantial energy cost savings
compared to conventional separation technologies. “One limitation to a more gen-
eral use of this potential emerging technology is the lack of in-depth studies of per-
formance capabilities [1]“. The importance of determining the mass transport of mul-
ticomponent mixtures through organic solvent nanofiltration membranes still draws

attention of a wide academic community [2-6].

In this chapter a systematic study of styrene oligomer/solvent mass transport
through the silicone membrane ONF-2 from GMT Membrantechnik will be pre-
sented. The membrane filtration experiments were performed in an Evonik Mem-
brane Extraction Technology (EMET) stirred cell at room temperature and different
transmembrane pressures. The evaluation of the membrane rejection results was
made by applying the previously obtained Sherwood correlation for the EMET stirred

filtration cell (see Chapter 3).

A simple mass transfer model based on the Maxwell-Stefan equation and the
Free Volume theory for predicting Maxwell-Stefan diffusion coefficients was used.
The volume fraction of the components in the PDMS membrane was calculated us-
ing the previously derived Flory-Rehner/Hansen chemical potential model for a sur-

face attached film.
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6.1 Theory

6.1.1 Mass transport model

The derivation of the Maxwell-Stefan model based on volume fraction [7, 8] is
given in Appendix in detail. Considering only the component friction with the station-

ary membrane equation 62 is obtained.

1 Aui __ gm [J_'J Ve 62

RT znm Di,m ¢_| mol

m,monomer

Where y; is the chemical potential of component i, R is the universal gas con-
stant and T the absolute temperature of the mixture. Z, is the total membrane
separation layer thickness, ¢_m and a are the average volume fraction of mem-
brane polymer and component i, respectively, J., is the component volumetric flux
and V. is the molar volume of membrane monomer and the W average

molar volume of the mixture.

The average molar volume of the mixture was calculated using the molar volume
of the monomer unit as

-1

i Y nol Vm)l

m,ononer

Where the V,™ is the molar volume of component i .

The membrane thickness in case of one-dimensional swelling of a surface at-
tached polymer film is reversely proportional to the volume fraction of polymer in the

membrane as given in equation 64.
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Zm,dry
Z,=—— 64
P
Where z,, 4, is the membrane separation layer thickness in the dry state taken

from the SEM images of the membrane cross-section. For the component activity in
the feed and permeate mixture, the Flory-Huggins/Hansen model was applied [9].
The Flory-Rehner/Hansen model for a surface attached film was used for the calcu-
lation of component volume fractions in the membrane (see equation 65). Both mod-

els and their derivation can be found in Appendix.

mix ,entropy mx ,enthalpy elastic

/ui — /u| + :u| + /u|

R-T R-T R-T R-T with

nix ,entropy \Vj nol

#I—:m( i)+z¢j -1

R-T

mx ,enthalpy

A 22V Y (g a,)-V™ YD b ) 65

R.T j i K

‘uielastic =\/im)l 'pm 1_2'MWC i_¢_m

R-T M. Mw O 2

a,, =£((5;’ ~5%f +0.25(5° — 5P ) +0.25(5" - 5" )2)

R-T

Where 5id, 6P and 5ih are dispersion, polar and hydrogen-bonding Hansen

solubility parameters (HSP) of component i, respectively, a, ; is the symmetrical

!
interaction parameter, MW . is the molecular weight of sub-chains of in the polymer
network molecule between two crosslinks, Mw ; is the molar weight of oligomer

before crosslinking and p,, is the polymer mass density.

For the definition of boundary conditions the local chemical potential equilibrium
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at the membrane surface and constant feed pressure in the separation layer were
assumed. The boundary conditions and average volume fraction in the membrane
are given in equation 66.

Haii :,Ufm,i
RT R-T

feed side

ppi _ppi ApV™
RT RT RT

¢a i ¢ﬂ,i

a:'—

Pai logarithmic average volume fraction

Dy,

permeate side
66

In

The uq,; and u,; are chemical potentials in the feed at the membrane surface
and in the permeate, respectively. Whereas ; , and 4, ; are chemical potentials of
component i in the membrane at feed and permeate side, respectively. Analogous,
¢, and ¢, , are volume fractions of component i in membrane at feed and per-

meate side, respectively. The Ap stands for the transmembrane pressure ( Ap>0
).

As evident from the Flory-Rehner/Hansen model given in equation 65, HSP for
solvent, styrene oligomers, PDMS and several other membrane parameters are re-
quired within the model. As found in the previous Chapter 5, the PDMS parameters

for the membrane separation layer are given in Table 10.
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Table 10: Separation layer properties of ONF-2 membrane.

5:31 5r$1 5:1 MWC pm Zm,dry
[(MPa)®9] [kg:mol’]  [kg-mJ] [um]
14.8 -5.4 52 3.0 1.014 2.75

For all styrene oligomers a single set of HSP was assumed, which is equal to

polystyrene. For polystyrene several HSP can be found in literature [10-12].

To determine the most suitable set of parameters for styrene oligomers, swelling
experiments of a PDMS sheet with a-methylstyrene dimer, a component similar to
styrene oligomers, were performed. The experimentally obtained volume fraction of
a-methylstyrene dimer in the PDMS sheet was further compared with the predicted
volume fraction of polystyrene. The Flory-Rehner/Hansen model for free standing
polymer sheet (see Appendix) was used for the prediction of the polystyrene volume
fraction in the PDMS sheet. For the polystyrene properties different sets of solubility
parameters [10-12] and the molar volume of a-methylstyrene dimmer were used.
The relative difference of measured volume fraction and predicted polystyrene vol-
ume fraction is given in Table 11. The HSP and molar volumes of the solvents can

be found in literature [11].
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Table 11: Relative difference of component volume fraction in a PDMS sheet:
measured for a-methylstyrene dimer and predicted for polystyrene with the
same molar volume.

5. 5. 5 Relative differ- Reference
ence
[(MPa)®] [%]
18.1 1.9 2.8 0.07 [10]
18.34 1.0 3.3 18.53 [10]
17.6 6.1 4.1 -69.05 [10]
19.2 0.9 2.0 -38.43 [10]
18.5 4.5 2.9 -65.01 [11]
22.28 5.75 4.3 -98.23 [11]
17.9 4.2 5.0 -42.51 [12]

6.2 Experimental

6.2.1 Styrene oligomer solution

The styrene oligomer solution was made from solvent and approximately 2.1 g-L-
! of styrene oligomers (0.1 g-L 't a-methyl styrene dimer, 1 g-L* polystyrene standard
PS580, and 1 g-L*polystyrene standard PS1000) [13]. Because of limited polysty-
rene solubility for some solvents the concentration was reduced. The polystyrene
would be weighted and stirred for one day to obtain a saturated solution. Afterwards
the clear solution was decanted and diluted with the same weight of pure solvent,

resulting in a concentration which is half saturated.
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6.2.2 Filtration experiments

The filtration experiments were made at approximately 23 °C in the previously
described stirred cell from EMET (see Chapter 3). Before and after operating with a
styrene oligomer mixture the membrane was ran in pure solvent until a steady state
flux was obtained and the previous solvent was completely removed from the cell.
Subsequently the feed solution was replaced with approximately 250 mL of styrene
oligomer solution. Permeate and retentate samples were taken after approximately
70 mL of permeate were collected. The analytic tools used for determining styrene
oligomer concentration are described in Chapter 3. The membrane rejection was
calculated using stagnant film concentration polarisation and the previously derived
Sherwood correlation for the EMET stirred cell (see Chapter 3). The real membrane
rejections of styrene oligomers are given in Figure 35 and measured solvent per-

meabilities in Figure 36.

6.3 Results and discussion

The Free Volume theory [7, 14] can be applied to multicomponent mixtures to
predict Maxwell-Stefan diffusion coefficients. The complete set of Free Volume the-
ory equations and the prediction accuracy of the Free Volume theory were shown
in the previous Chapter 5. In this chapter, next to the solvent’'s Maxwell-Stefan dif-
fusion coefficients also the diffusion coefficients of styrene oligomers will be pre-

dicted.

The free volume parameters for styrene oligomers were determined as follows:
a) the minimal molar volume (V *) of the styrene oligomers was calculated using the
expression of Bondi and a group contribution method for Van der Waals molar vol-
ume [15] and b) the overlap factor (A ) for styrene oligomers is assumed to be 0.7

(see Chapter 5). An overview of the assumed membrane and styrene oligomer free
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volume parameters is given in Table 12.

Table 12: PDMS and styrene oligomer free volume parameters.

A A\
[-] [cm3-molY]

Membrane monomer 0.7 60.2
Styrene oligomer 0.7 1.3 -Vyigomer

In Figure 35 the comparison of measured (symbols) and predicted (lines) real
membrane rejection of styrene oligomers at 30 bar, 20 bar and 10 bar for all used

solvents is given.

Figure 36 shows the measured and predicted mixture permeabilities for 30 bar,

20 bar and 10 bar transmembrane pressure.
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Figure 35: The measured and predicted styrene oligomer rejection of ONF-2
membrane at 23 °C and 10 bar, 20 bar and 30 bar.
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Figure 36: Measured and predicted permeabilities of ONF-2 membrane at 23
°C and 10 bar, 20 bar and 30 bar.
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For most of the solvents, as given in Figure 35 and Figure 36, good prediction
accuracy of the measured data was achieved. Supporting the hypothesis made that
the most relevant resistance in the transport of large diluted styrene oligomers
through the membrane is the membrane styrene oligomer friction. The influence of
solvent on styrene oligomer transport is introduced by the increase of the total free
volume of the system and the consequent increase of the Maxwell-Stefan diffusion

coefficient as well as reducing the volume fraction of the polymer in the membrane.

From the rejection curves given in Figure 35, it can also be observed that the
largest prediction error is made for alcohols. This discrepancy can originate from
extreme mixture non-ideality, which can further lead to errors in the prediction of the
partition coefficient of styrene oligomers between feed and membrane [16]. The
over-prediction of styrene oligomer rejections in weak solvents, such as isopropa-
nol, could also be a consequence of the solvent clustering in the membrane, which
was not considered in the used chemical potential models [17]. Further, the correct
prediction of the available free volume and hence diffusion of styrene oligomers is
influenced by free volume parameters chosen for the solvent and membrane [18].
Since alcohols build hydrogen bonds, an appropriate overlap factor and minimal

molar volume cannot be determined easily (see Chapter 5).

The measured rejection curves in tested alcohols (see Figure 35) show also neg-
ative values for styrene oligomers in lower molecular weight range. The negative
rejections were also predicted by the applied mass transport model. Meaning, even
if the concentration of the oligomer was higher in the permeate then in the feed, the

applied transmembrane pressure resulted in positive values of the driving force.

Investigations of possible reasons for negative rejection calculations were made
for a isopropanol mixture, in which the hydrogen bonding HSP of the isopropanol
was varied. Figure 37 shows the rejection curves for isopropanol with literature value

of hydrogen bonding HSP of 16.4 (MPa)®®, isopropanol with reduced hydrogen
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bonding HSP to 14 (MPa)%®° and isopropanol with hydrogen bonding HSP reduced
to 10 (MPa)°>.
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Figure 37: Predicted styrene oligomer rejection of ONF-2 membrane at 23 °C
and 30 bar for isopropanol with different values of hydrogen bonding HSP.

As being observed in Figure 37, the rejection increases with reduced values of
hydrogen bonding HSP, which suggests that negative rejection is caused by the low

affinity of the isopropanol for styrene oligomers and silicone membrane.

6.4 Conclusion

Over all, the derived Flory-Rehner/Hansen model for surface attached polymer
films combined with the Maxwell-Stefan/Free Volume theory could be used to pre-
dict the styrene oligomer rejections by a silicone membrane ONF-2 in different sol-
vents. The assumptions made in the derived equations were proved to be valid for
the used styrene oligomer solutions and cannot be generalised without further in-
vestigation of other mixtures. However, the Flory-Rehner/Hansen model combined
with the Maxwell-Stefan/Free Volume theory could serve as a starting point in the

development of purely predictive membrane transport models.
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Future work could investigate if the derived Flory-Rehner/Hansen model can be
applied on predicting PDMS swelling in solvent mixtures. Likewise, the applicability
of the used simple form of the Maxwell-Stefan/Free Volume model could also be
tested for predicting separation performance of solutions with higher solute concen-

tration.

6.5 List of symbols

symmetrical interaction parameter between compo- mol-m
ai'j nents i and j
d, minimal molecule diameters m
Ji volumetric flux of component i m-s?
Mw molar weight of subchains between two crosslinks kg-mol*
Mw, molar weight of oligomer before crosslinking kg-mol*
Ap transmembrane pressure Pa
R the universal gas constant J-K1-mol?
T absolute temperature K
v,™ molar volume of component i m?3-mol*
v molar volume of membrane polymer m3-mol*
\@ average molar volume of the mixture m3-mol-t
Vr’:,Dr'Ianormr monomer molar volume m3-molt
V i monorrer minimal molar volume of monomer m3-mol?
VA Van der Waals molar volume of monomer m3-mol*

m,ononer
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total membrane separation layer thickness

thickness of the dry membrane separation layer

average molar Maxwell-Stefan diffusion coefficients of

component i and the membrane

Greek symbols

59

SP

of

A
Hi

nix ,entropy
i

mix ,enthalpy

Indices

dispersion Hansen solubility parameter of component
[
dipole Hansen solubility parameter of component i

hydrogen bonding Hansen solubility parameter of

component i

overlap factor
total chemical potential of component i in the mixture

chemical potential contribution term of mixing entropy

chemical potential contribution term of mixing en-

thalpy

elastic chemical potential contribution term of mixing

enthalpy

membrane mass density

the volume factions of component |

average volume fraction of component i in the mem-

brane

m

mZ.S-l

(pa)O.S

(pa)O.S

(pa)O.S

J-mol?
J-mol?

J:-mol?

J-mol?

kg-m-3
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m membrane polymer
a membrane polymer near feed surface
B membrane polymer near permeate surface
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7  Acrylate-functional and epoxy-functional
silicone membranes

In the recent years progress in membrane production was made, making it pos-
sible to produce solvent stable membranes rejecting molecules with a molar mass
of more than 500 g-mol* while solvents such as alcohols, ketones, aliphatic and
aromatics were able to pass. With the availability of new organic solvent nanofiltra-
tion (OSN) membranes interest in this technology grows continuously. So far, or-
ganic solvent nanofiltration membranes have found use in food chemistry, petro-

chemistry, catalysis and pharmaceutical manufacturing [1, 2].

Silicone based composite membranes have demonstrated good thermal and
chemical stability and are highly permeable. Silicone membranes have a great in-
dustrial relevance in energy and waste efficient processes [3]. The disadvantage of
silicone based composite membranes is excessive swelling in some organic sol-
vents [4-6] and the loss of separation performance as recognised by a decrease in

rejection.

Evonik Industries AG provides a variety of radiation curable acrylate-functional
silicone and epoxy—functional silicone resins [7]. Both, acrylate—functional silicone
and epoxy—functional silicone coatings are resistant to many organic solvents [8];
therefore they could be suitable for production of organic solvent nanofiltration mem-

branes [9].

In the research presented in this chapter composite membranes consisting of
acrylate—functional silicones (SA) and epoxy—functional silicones (SE) [7] separa-
tion layers coated on commercially available ultrafiltration membrane were pro-

duced and tested. It was observed that mixing acrylate-functional resins of different
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values of unmodified siloxy units or epoxy-functional resins with different values of
unmodified siloxy units can be used to influence the performance of the final silicone

composite membrane [9].

7.1 Experimental

7.1.1 Membrane production

A commercially available ultrafiltration membrane (L-6 from GMT Membrantech-
nik) based on poly(acrylonitrile) was used as supporting membrane. Acrylate—func-
tional and epoxy—functional silicone resins and the necessary coating technology

and procedure were kindly provided by and made at Evonik Industries AG in Essen

[8].

A general description of acrylate—functional silicone resins produced by Evonik

Industries AG, taken from patent literature [10], is given in Figure 38.

Rl Rl Rl Rl
I I I |
R3-Si-O- —Sli—O— -Si-O-| -Sj-R3
I I
Rl Rl R2 ||Ql
a b

Figure 38: General molecular formula of Evonik Industries AG acrylate-func-

tional silicone resins, taken from [10].

“R! is identical or different aliphatic or aromatic hydrocarbon radicals of 1 to 10
carbon atoms, R? is a linear, branched or aromatic hydrocarbon radical of 1 to 20
carbon atoms, with or without ether bridges, to which there are attached, by way of
ester linkages, from 1 to 5 acrylic and/or methacrylic acid units and, optionally, mon-
ocarboxylic acid units of 2 to 10 carbon atoms which are free of polymerizable dou-

ble bonds, R%is R or R?, ais 0 to 300, b is 1 to 25, and c is 5 to 50.” [10].
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An exemplary description of epoxy—functional silicone resins is given in Figure 39

[11].
CHs [CHy [ CHy ) CH, ) CH,
I | | I |
CH,-Si-0—-Si-0-H—Si-0 Si-O—-Si—CH,
I | | | |
CH; (CcH, )| R7 CH, | CH,
I I
_OH J| CH,
. 9

Figure 39: General molecular formula of Evonik Industries AG epoxy-functional
silicone resins, taken from [11].

“In which R7 are identical or different alkenyl groups having 2 to 20 carbon atoms
and my contain ether, ester, urethane or amide groups; r is 5 to 300, preferably 5

to 200; s is 0, 1 to 100, preferably 0, 1 to 10 and tis 1 to 100, preferably 2 to 40.”[11].

7.1.2 Coating procedure

For the maximal anchorage of the coated silicone, the ultrafiltration membrane
was treated by corona directly before coating. The silicone resins were applied to

the substrate via a five roll coating system [7].

Next to the acrylate-functional and epoxy-functional silicone oligomers the radia-
tion cured resins contain a photoinitiator. Generally, the level of photoinitiator is ap-

proximately 2 % [7].
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The crosslinking of acrylate-functional silicones is started with photoinitiator de-
composition under UV light exposure, releasing a high number of radicals. The chain
propagation continues until all free acrylic groups have reacted. However, the radi-
cal centre can be quenched by the presence of oxygen, therefore good inerting of
the UV radiation chamber with nitrogen is necessary for coating with acrylate-func-

tional silicones [8].

In the case of epoxy-functional silicone resins, the added photoinitiator starts a
cationic polymerisation chain reaction. Hence, the chain propagation of epoxy-func-
tional silicones is not inhibited by the presence of oxygen radicals and no nitrogen
inertisation is needed. The cationic polymerisation reaction can be poisoned by the
presence of Lewis bases in the substrate [8], limiting the choice of possible sub-

strates.

The used UV lamp delivers 120 W/cm, which was sufficient for insuring complete

cure of both, acrylate-functional and epoxy-functional silicone coated substrates.

For the production of acrylate-functional silicone composite membranes (SA)
mixtures of two acrylate-functional silicone resins were used: One comb-like silicone
with a low value of unmodified siloxy units (A) and one linear silicone with a high

value of unmodified siloxy units (B).

Mixtures of two epoxy-functional silicone resins were used for production of
epoxy-functional silicone membranes (SE). Both epoxy-functional silicone resins
are comb-like, one having a low value of unmodified siloxy units (C) and one epoxy-

functional silicone having a high value of unmodified siloxy units (D).

By mixing of silicone resins with low and high values of unmodified siloxy units, it
was possible to investigate the influence of the ratio of unmodified to modified siloxy

units on the membrane performance.
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7.1.3 Dye stain test

The dye stain test is used to check for the uncoated areas of siliconised paper,
but the test could be adapted to investigate the silicone coverage of the porous,
relatively hydrophilic ultrafiltration support. The dye stain includes application of test
ink for one minute onto the silicone coated surface. The test ink contains 1 weight
% methylene blue in water. The applied blue ink will stain any uncoated areas of the

support [8].

7.1.4 Filtration experiments

Heptane of technical purity was used as a solvent for filtration experiments. The
styrene oligomer/heptane mixture containing approximately 2.1 g-L* of styrene oli-
gomers (0.1 g-L* a-methyl styrene dimer, 1 g-L* polystyrene standard PS580, and
1 g-L*polystyrene standard PS1000) was used as feed for membrane characterisa-
tion experiments. The analytical tools for determining the concentration of styrene

oligomers in heptane are given in Chapter 3.

For the filtration experiments a cross flow setup was used (see Chapter 3). Filtra-
tion experiments were made at 30 bar transmembrane pressure and 30 °C temper-
ature. The recirculation flow rate for all three membrane cells was 700 L-h'. Mem-
brane conditioning was made with pure solvent for one day at 30 bar and 30 °C.
After this step pure solvent was replaced by heptane with a styrene oligomer mix-
ture. After 1 day of running with styrene oligomer mixtures the samples of permeate
and retentate were taken. The conditioning and sampling procedure were similar for
all membrane samples. The real membrane styrene oligomer rejections was evalu-
ated using a Sherwood correlation for rectangular channels [12]. The complete set

of equations is given in Chapter 3.

133



Chapter 7

7.2 Results and discussion

The membranes with acrylate-functional and epoxy-functional silicone resins
were produced in two successive coating steps. The minimal necessary coating
weight for obtaining complete coverage of the support was determined by dye stain

test on smaller substrates previous to the membrane production.

7.2.1 Acrylate-functional silicone membranes

Membrane compositions produced with comb-like acrylate-functional silicone A,
with low value of unmodified siloxy units, and linear acrylate-functional silicone B,

with high value of unmodified siloxy units, are given in Table 13 [9].

Table 13: Produced acrylate-functional silicone membranes and their

compositions.

Membrane SAl SA2 SA3 SA4
N 30% A/ 20% A/ 10% A/
Composition 100 % A
70%B 80%B 90 % B

The styrene oligomer membrane rejection curves of the produced acrylate-func-
tional silicone membranes are analysed in comparison to the measured perfor-

mance of the commercial silicone membrane ONF-2.
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Figure 40: Styrene oligomer rejections of acrylate-functional silicone mem-
branes and the commercial silicone membrane ONF-2.

From the rejection curves in Figure 40 it can be observed that all membranes
produced with acrylate-functional silicone resins have slightly better or comparable
rejection values than the commercial silicone membrane ONF-2. The measured

heptane permeabilities at 30 bar and 30 °C are given in Table 14.

Table 14: Heptane permeabilities of the produced acrylate-functional silicone
membranes and the commercial silicone membrane ONF-2.

Membrane SAl SA2 SA3 SA4 ONF-2

Permeability

0.248 0.322 1.40 3.22 4.40
[L-h"t-m2-bar?]

The higher fraction of acrylate-functional silicone A in the membrane separation
layer resulted in a higher rejection of styrene oligomers and a poor permeability (see
SA1). On the other hand, the acrylate-functional silicone membrane with a high frac-

tion of acrylate-functional silicone B had a lower rejection and a higher permeability
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(see SA4). The other mixtures of these two polymers fall between the two extremes
with respect to rejection and permeability. This result gives the possibility to tune the
desired rejection in the range between performance of A and B acrylate-functional

silicone membranes [12].

7.2.2 Epoxy-functional silicone membranes

The tested mixtures of epoxy-functional silicone C with low value of unmodified
siloxy units and epoxy-functional silicone D, with high value of unmodified siloxy

units are shown in Table 15.

Table 15: Produced epoxy-functional functional membranes and their compo-

sitions.
Membrane ‘ SE1 SE2 SE3
Composition ’ 70% C/30%D 35%C/65%D 100 % C

Like the produced acrylate-functional silicone membranes in Figure 40, the sty-
rene oligomer rejection curves of the produced epoxy-functional silicone mem-
branes are shown in comparison with the commercial silicone membrane ONF-2 in

Figure 41.

From the styrene oligomer rejection curves in Figure 41 it could be observed that
a higher fraction of epoxy-functional silicone C resulted in a reduced rejection of

styrene oligomers.

The measured heptane permeabilities of the produced epoxy-functional silicone

membranes and the commercial silicone membrane are given in Table 16.
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Figure 41: Styrene oligomer rejections of epoxy-functional silicone membranes
and the commercial silicone membrane ONF-2.

Table 16: Heptane permeabilities of the produced epoxy-functional silicone
membranes and the commercial silicone membrane ONF-2.

Membrane SE1 SE?2 SE3 ONF-2
Permeability
6.97 5.49 4.08 4.40
[L-ht-m2-bar?]

The produced epoxy-functional silicone membranes have generally high perme-
abilities as shown in Table 16. The epoxy-functional silicone membranes SE2 and
SE3 have lower rejections compared to ONF-2, while the permeabilities are compa-
rable or larger. Since the degree of modification of acrylate-functional silicone B is
higher than modification of epoxy-functional silicone D, the lower rejection and
higher permeability of epoxy-functional membranes compared to acrylate-functional

membranes was expected.

The SE1 membrane produced with a low value of unmodified siloxy units has a

significantly lower styrene oligomer rejection, which does not reach rejections higher
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than 95 % for the measured molar weights of styrene oligomers. The high permea-
bility and low rejection of SE1 could be explained by possible imperfections in the

silicone epoxy separation layer, which could not be detected by the dye stain test.

7.3 Conclusion

Acrylate-functional silicone composite membranes were produced using mixtures
of a comb-like structure A, with low value of unmodified siloxy units, and linear struc-
ture B, with high value of unmodified siloxy units [12]. Epoxy-functional silicone com-
posite membranes consisting of mixtures of two comb-like structures with a low
value of unmodified units (C) and a high value of unmodified units (D) were pro-
duced. The separation performance of acrylate-functional silicone and epoxy-func-
tional silicone membranes was determined by measuring styrene oligomer rejection
curves and permeabilities in heptane at 30 bar and 30 °C. Experimental results in-
dicate that the use of acrylate-functional and epoxy-functional silicone resins com-
posite membranes can lead to membranes with a tuneable performance. Acrylate-
functional and epoxy-functional silicone membranes cover broad ranges of rejection
and permeability. Compared to the commercially available silicone based mem-
brane ONF-2, the acrylate-functional silicone membranes have a higher rejection
performance and lower heptane permeability. Whereas, the epoxy-functional mem-
branes have a lower rejection and a comparable or higher heptane permeability

compared to the ONF-2 silicone membrane.
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8 Performance comparison of different sili-
cone based membranes for OSN

The influence of epoxy and acrylate silicone chain modifications on the mem-
brane separation performance in heptane was shown in the previous Chapter 7 [1].
Here, the influence of the introduced modifications on the sorption properties of
epoxy-functional and acrylate-functional silicone membranes was investigated and
compared to the measured performance of the commercial silicone based mem-

brane, ONF-2 from GMT Membrantechnik.

The epoxy-functional silicone membrane SE3 and acrylate-functional silicone
membrane SA4 were chosen for the comparison. The membranes ONF-2, SE3 and
SA4 have a similar styrene oligomer rejections in heptane (see Chapter 7), indicat-

ing a similar crosslinking density of the membrane polymer.

The measured styrene oligomer rejections and permeabilities were obtained for
toluene, heptane, ethyl acetate and isopropanol. From the measured solvent per-
meabilities several parameters of the Flory-Rehner/Hansen solubility parameter
model and Free Volume theory model were estimated and used to predict the sty-

rene oligomer rejections.

These estimated model parameters for epoxy-functional and acrylate-functional
silicone membranes were compared to the model parameters of the silicone mem-
brane to emphasise the effect of epoxy and acrylate modifications to the poly(dime-

thylsiloxane) chain.
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8.1 Theory

The Flory-Rehner/Hansen chemical potential model for surface attached films will
be used to describe sorption of components in the membrane separation layer (see

Appendix).

The set of boundary equations for the membrane mass transport is given in Chap-
ter 6. The equations of the simple Maxwell-Stefan model and the Free Volume the-
ory as well as solvent and styrene oligomers model parameters can be also found

in Chapter 6 [2, 3].

8.2 Experimental

For filtration experiments technical purity grade toluene, heptane, ethyl acetate
and isopropanol were used. The preparation of styrene oligomer solutions is de-
scribed in Chapter 6. The filtration tests were made in the EMET stirred cell setup,
previously described in Chapter 3. For permeate and retentate samples a solvent
swap was performed and the samples were analysed by a reversed phase chroma-

tographic column. The applied analytical tools are described in Chapter 3 [4].

The measurements were made at 30 bar transmembrane pressure and room
temperature. The membrane sheets were first operated with pure solvent after
which the feed solution was replaced with styrene oligomer solution. Permeate and
retentate samples were taken after approximately 70 mL of permeate passed

through the membrane.

The membrane (real) rejection was evaluated using the previously derived Sher-

wood correlation for concentration polarisation (given in Chapter 3).

Previously obtained data for the silicone membrane ONF-2 and measured per-

meabilities and styrene oligomer rejections of epoxy-functional silicone membrane
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SE3 and acrylate-functional silicone membrane SA4 are given in Figure 42 and Fig-

ure 44 together with predicted permeabilities and styrene oligomer rejections.

8.3 Results and discussion

Several assumptions were made for the estimation of the model parameters for

the produced epoxy-functional and acrylate-functional membranes.

The silicone membrane ONF-2, epoxy-functional silicone resin used for the SE3
membrane and acrylate-functional silicone resin used for the SA4 membranes were
assumed to consist mostly out of long poly(dimethylsiloxane) chains. The first ap-
proximation was assuming common values of Hansen solubility parameters (HSP)
and a molar weight of a monomer for all three membranes based on investigations
made on a crosslinked poly(dimethylsiloxane) RTV615 sheet. The estimation of dis-
persion, polar and hydrogen-bonding HSP of the membrane (5,?1, s and 5,2,

respectively) and molar weight between two crosslinks (Mw ) is given in Chapter 5.

Because of strong mathematical entanglement of parameters determining free

.
m,nohoner

volume, only the minimal molar volume of the monomer (V ) can be esti-
mated, while the overlap factor (Am) and the monomer molar volume (Vnrf’n'mnoner

), defined by density and monomer molar weight, had to be assumed.

The dry membrane thickness (Zm,dry ), the molar weights of the membrane oli-
gomers before crosslinking (Mw ,) and molar weight between two crosslinks ( Mw .
) determine the wet membrane thickness of the membrane. Hence, these are also
highly entangled, and only the membrane thickness could be estimated, whereas
the molar weight between two crosslinks and the molar weight of the oligomer were

assumed.

An overview of model parameters assumed on basis of experimental data for
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poly(dimethylsiloxane) RTV615 sheet is given in Table 17.

Table 17: Assumed model parameters for the ONF-2, SE3 and SA4 mem-

branes.
52 [(MPa)°9] 14.8
S5 [(MPa)°5) -5.4
Sh [(MPa)°5] 5.2
Am [ 0.7
Vil nomer [cm3-mol] 73.1
Mw ; [kg-mol?] 3.0

The assumed molar weights of the membrane oligomers before crosslinking are

given in Table 18.

Table 18: Assumed oligomer molar weight of the membranes ONF-2, SE3 and

SA4.

‘ ONF-2 SE3 SA4

Mw , [kg-mol™] ‘ 35.5 14.8 7.4

The dry membrane thickness and the minimal molar volume of membrane mon-
omer were further estimated from measured pure solvent flux data. The obtained

parameters for the ONF-2, SE3 and SA4 membranes are given in Table 19.
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Table 19: Estimated dry membrane thickness and minimal molar volume of the

membrane monomer for the membranes ONF-2, SE3 and SA4.

ONF-2 SE3 SA4
Zmdry [um] 1.84 3.06 7.37
Vo ronomer [€M3-moI™] 63.8 59.4 54.1

The predicted styrene oligomer rejections using the previously given model pa-

rameters and the measured membrane rejection are given in Figure 42.

The prediction accuracy for styrene oligomer rejections for the ONF-2 and SE3
membranes, given in Figure 42, are good for toluene, heptane and ethyl acetate,
but the styrene oligomer rejections in isopropanol were poorly predicted. For the
acrylate-functional silicone membrane SA4 the styrene oligomer rejections were un-
derestimated for all solvents, which can be explained by low estimated value of min-

imal molar volume of the membrane monomer.

In Figure 43 are the measured and predicted solvent permeabilities at 23 °C for

the tested silicone based membranes.

The predicted solvent permeabilities for the silicone membrane ONF-2 and the
epoxy-functional silicone membrane SE3 are in good agreement with the measured
values. In the case of the acrylate-functional silicone membrane SA4 the permea-
bility of ethyl acetate is underestimated, while the heptane permeability is overesti-

mated.

Including the estimation of the molar weight between two crosslink (Mw ) re-
sulted in increase of error of prediction of styrene oligomer rejections compared to

results given in Figure 42.
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Figure 42: Measured and predicted performance of ONF-2, SE3 and SA4
membranes with estimated dry membrane thickness and minimal molar vol-

ume.
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Figure 43: Measured and predicted solvent permeability of ONF-2, SE3 and

SA4 membranes with estimated dry membrane thickness and minimal molar

volume.

The improvement of the model prediction accuracy could be achieved by includ-

ing the difference in polarity of each silicone based membrane by estimating HSP

of each membrane material. The estimated dry membrane thickness (z, 4, ), min-

imal molar volume of membrane monomer (V

branes are

given in Table 20.

m,nononer

) and HSP for all three mem-
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Table 20: Estimated values of dry membrane thickness, minimal molar volume

of membrane monomer and HSP for the ONF-2, SE3 and SA4 membranes.

ONF-2 SE3 SA4
Zmdry [pm] 1.43 2.37 2.27
Vi onomer [CM3-mol] 64.9 61.8 63.0
59 [(MPa)°s] 14.6 15.3 15.0
P [(MPa)°5] -5.1 -4.7 -4.9
Sp [(MPa)°d] 5.9 6.3 7.8

The predicted styrene oligomer rejection curves in comparison with the measured

data are given in Figure 44.

By comparing Figure 42 and Figure 44 and it can be observed that the prediction
of styrene oligomer rejections with additionally estimated HSP resulted in improved
model prediction accuracy, especially for the SA4 membrane. The largest prediction
error remains for the isopropanol/styrene oligomer mixture and the ONF-2 and SE3

membranes.

Measured and predicted volume permeabilities at 23 °C for the commercial sili-
cone membrane ONF-2, the epoxy-functional silicone membrane SE3 and the acry-

late functional silicone membrane SA4 are given in Figure 45.

As expected with the five parameters estimated from the experimental data, the

solvent permeabilities are correctly represented by the used model parameters.
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Figure 44: Measured and predicted styrene oligomer rejection of the ONF-2,

SE3 and SA4 membranes with estimated dry membrane thickness, minimal
molar volume and HSP.
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Figure 45: Measured and predicted solvent permeability of the ONF-2, SE3 and
SA4 membranes with estimated dry membrane thickness, minimal molar volume
and HSP.

From the estimated values of HSP (see Table 20) it can be observed that the
epoxy-functional silicone membrane SE3 has a lower value of the polar Hansen
solubility parameter and higher value of the hydrogen-bonding Hansen solubility pa-
rameter, overall resulting in similar polarity as ONF-2 polymer membrane. The acry-
late-functional silicone membrane SA4 has a lower value of the polar and signifi-
cantly higher value of the hydrogen-bonding HSP, indicating that the acrylate mod-

ifications of the used polymer for the SA3 membrane has a higher polarity compared
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to both ONF-2 and SE4 membranes. Hence, the membrane separation layer has a
higher affinity to moderately polar organic solvents compared to a separation layer

of membranes ONF-2 and SE4.

8.4 Conclusion

By using estimated values of HSP for a PDMS sheet (see Chapter 5) and esti-
mating the dry membrane thickness and the minimal molar volume from the perme-
ability data, good representation of permeability and rejection was achieved for the
membranes ONF-2 and SE3 (epoxy-functional membrane). For the acrylate-func-
tional silicone membrane SA4 the solvent permeability could not be adequately rep-
resented. Hence, this discrepancy could not be attributed to the change in mem-
brane thickness or Free Volume parameters. The improvement of the solvent per-
meability prediction for the acrylate-functional silicone membrane SA4 could only be
achieved by estimating also the HSP from the measured solvent permeability data.
The estimated HSP of silicone acrylate membrane indicate a higher polarity of the
acrylate-functional silicone. Hence, making acrylate-functional silicone membranes
more suitable for separation in moderately polar solvents than a purely silicone

based membrane.

The Flory-Rehner/Hansen and Free Volume theory models include altogether ten
parameters for predicting the solvent permeability. The basis of the measured data
used for the estimation of membrane parameters included measurements of only
four solvents since several parameters could be assumed with reasonable accu-
racy. In the case of a fully unknown polymer, estimation of the Flory-Rehner/Hansen
and Free Volume model parameters on a significantly larger data set is recom-

mended.
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8.5 List of symbols

Mw . molar weight between two crosslinks kg-mol*
molar weights of the membrane oligomer before
Mw o kg-mol?
crosslinking
V1 monomer minimal molar volume of membrane monomer m3-molt
an’n'mnonEr monomer molar volume m3-mol*
Z i dry dry membrane thickness m

Greek symbols

5;’1 membrane dispersion Hansen solubility parameter (Pa)°>
or membrane dipole Hansen solubility (Pa)%>
h membrane hydrogen bonding Hansen solubility 05
Om (Pa)
parameter
A free volume overlap factor -
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9 Conclusion and outlook

This work focuses on silicone based membranes for organic solvent nanofiltra-

tion.

This study includes a literature research on silicone membranes based on differ-
ent reaction chemistry, the challenges in their production and the successful appli-
cations of already available silicone based membranes (Chapter 2). The chemical
modification of the silicone separation layer combined with different membrane pro-
duction technologies could lead to significant improvement of silicone based mem-

branes compared to the currently available membranes.

Chapter 3 gives an overview of basic membrane concepts, the used filtration rigs
and applied analytics. Also given in Chapter 3 are Sherwood correlations to describe
the concentration polarisation phenomena for the two applied filtration cells and to
calculate the real membrane rejection from the measured membrane rejection. The
necessary Sherwood parameters for the EMET stirred cell setup were estimated
from experiments made with docosane as solute in heptane and toluene. From the
experimental data it could be observed that the concentration polarisation phenom-
ena had significant effects on measured rejection even for systems where concen-
tration polarisation is not expected to be relevant, as in the case of low concentra-
tions of solute with a comparably low molar weight of 310 g-mol* in low viscosity
solvents such as heptane at moderate membrane fluxes. Hence concentration po-
larisation effects should not be disregarded in evaluation of experimental results

measured.

In Chapter 4 a comparison of styrene oligomer rejections by silicone membrane
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ONF-2, PIM-1 and DuraMem500 (crosslinked P84) membrane in heptane and ace-
tone are given. Even if all the membranes were developed for application in organic
solvent nanofiltration significant differences were observed. For a glassy composite
membrane PIM-1 high fluxes and a good performance in heptane and acetone were
observed but the membrane material swells extensively and has limited stability [1].
The crosslinked P84 integrally skinned asymmetric membrane DuraMem500
(EMET) has excellent performance in acetone and is stable in several polar a-protic
solvents [2], but has both low flux and low styrene oligomer rejection in heptane.
The silicone based composite membrane ONF-2 (GMT Membrantechnik) combines
both chemical stability and good performance in nonpolar and moderately polar or-
ganic solvents. The composite structure of a silicone based membrane also gives
the possibility to develop thermodynamic models to predict the membrane separa-
tion performance and optimise the silicone separation layer. Even if silicones have
been applied in membrane production since 1960s [3-5], it still remains one of the
most promising materials in the development of new optimised solvent stable mem-

branes.

In Chapter 5 a predictive model for mass transport was derived. A comparably
simple Flory-Huggins/Hansen solubility parameters equation [6] was expanded for
the elastic contribution term resulting in a Flory-Rehner/Hansen solubility parame-
ters model. The swelling was differentiated as: free swelling and confined swelling
when the polymer film is attached to the surface. The Hansen solubility parameters
of silicone and crosslinking degree were estimated from experimental data made on
crosslinked sheets of RTV615 silicone from General Electric. The derived model
and the estimated parameters could describe the swelling behaviour of the pro-
duced silicone sheet for the whole range of polar to nonpolar solvents. Diffusion of
a solvent through silicone membranes was investigated by a simplified Maxwell-

Stefan model, where the diffusion coefficient was estimated by different diffusion
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interpolation rules and the Free Volume theory. In the case of the Free Volume ap-
proach it was possible to predict the solvent permeation with no model parameters

estimated from the permeability data.

The modelling approaches were used to predict permeabilities of eleven pure
solvents through silicone composite membrane ONF-2 (GMT Membrantechnik).
The difference and relative difference of the predicted solvent volume permeabilities
by applying a modified Free Volume theory model with literature parameters and
measured solvent volume permeabilities of ONF-2 (GMT Membrantechnik) mem-

brane are given in Table 21.

The dichloromethane permeability has a considerably larger difference to its pre-
dicted permeability compared to other solvents. The predicted permeabilities of the
other ten solvents have a better accuracy. The error in predicting dichloromethane
permeability could be a result of excessive swelling of the supporting membrane
layers which was not included in the developed model. Further research would be
required to finally explain the high dichloromethane permeability. Isopropanol, the
most polar solvent in the study, has the highest relative difference. Future work
could focus on improving the estimation of Free Volume parameters for polar sol-
vents, which could lead to a more accurate prediction of the permeability. The big-
gest advantage of the Free Volume approach is the good prediction accuracy of the
permeability without parameters estimated from permeation experiments. Addition-
ally, the derived Flory-Rehner/Hansen model and Maxwell-Stefan/Free Volume the-

ory model can be easily applied to multicomponent mixtures.
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Table 21: The difference and relative difference of the predicted permeabilities
by applying a modified Free Volume theory model with literature parameters
and measured permeabilities of ONF-2 (GMT Membrantechnik) membrane.

Difference Relative difference
Solvent
[L-h"t-m2-bar] [-]

Toluene -0.044 -0.021
Dichloromethane -2.660 -0.539
Hexane 0.009 0.002
Heptane 0.169 0.067
Octane -0.483 -0.198
Ethyl acetate -0.265 -0.115
Acetone 0.202 0.183
1-Butanol -0.018 -0.084
1-Hexanol -0.025 -0.126
1-Octanol -0.049 -0.385
Isopropanol 0.164 0.959

In Chapter 6 the prediction accuracy of the model was compared to experimental
data for eleven solvents and their mixture with styrene oligomers of different molec-
ular weights. For calculating mass transport of styrene oligomers their Hansen sol-
ubility parameters are required. Several values of polystyrene Hansen solubility pa-
rameters were found in literature. To determine which parameter set is suitable, a
swelling experiment with a-methylstyrene dimer was made. Measured volume frac-
tion of a-methylstyrene was compared with the predicted volume fraction of polysty-
rene with the same molar volume. The polystyrene Hansen solubility parameters
set with the smallest difference in volume fractions was chosen. The predicted sty-

rene oligomer rejection curves were in the range of the measured results and have
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shown the same pressure dependence. The largest error was found in isopropanol
which is partially due to overestimated solvent permeability. The good prediction
accuracy of the measured styrene oligomer rejection indicates that the assumptions
made in the derived equations are valid for the used styrene oligomer solutions. The
model should be further investigated in more complex mixtures before the final eval-
uation of its prediction accuracy. However, the Flory-Rehner/Hansen model com-
bined with the Maxwell-Stefan/Free Volume theory could serve as a starting point in

the development of purely predictive membrane transport models.

In Chapter 7 production and performance of composite membranes made from
acrylate-functional and epoxy-functional silicones was described. The performance
of produced membranes was compared to a commercially available silicone based
membrane ONF-2. Acrylate-functional and epoxy-functional silicone composite
membranes were produced using mixtures of siloxanes with low and high value of
unmodified units [7]. The membranes were characterised by measuring styrene ol-
igomer rejections in heptane at 30 bar transmembrane pressure and 30 °C. Com-
pared to the ONF-2 membrane, the acrylate-functional silicone membranes have a
higher rejection performance and lower heptane permeability. Whereas, the epoxy-
functional membranes have a lower rejection and an equal or higher heptane per-
meability compared to the ONF-2 silicone membrane. Further development of acry-
late-functional and epoxy-functional silicone could both include further optimisation

the chemical composition and improvement in the membrane production procedure.

In Chapter 8 a performance comparison of two developed membranes (epoxy
and acrylate functional) was made in four styrene oligomer mixtures. The solvents
comprise toluene, heptane, ethyl acetate and isopropanol. By estimation of the pa-
rameters of the developed Flory-Rehner/Hansen model combined with the Max-
well-Stefan/Free Volume theory model from the measured permeabilities the effect

of introduced modifications was investigated. From the estimated values of Hansen
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solubility parameters it can be observed that the epoxy-functional silicone mem-
brane has a similar polarity as ONF-2. Whereas the acrylate-functional silicone
membrane has higher values of the polar and hydrogen-bonding Hansen solubility
parameter, indicating that small acrylate modifications have increased the polarity
of the silicone polymer. Hence, the membrane separation layer has a higher affinity
to moderately polar organic solvents compared to a separation layer made out of
unmodified silicone. The targeted silicone modification by including polar functional
groups could lead to membranes with enhanced performance in moderately polar
solvents, such as acetone which is one of the large volume solvents in chemical

industry.
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A1l Transformation of Maxwell-Stefan mass transport
model

The Maxwell-Stefan model given by equation A 1, has been successfully applied

to many mass transfer phenomena [1].

Ky :_i(Xi -Xj-(ui—uj)j A1l

R-T =1 Bi

Where X; is the mole fraction of component i, x; is its chemical potential [J-mol-
1], u, the component velocity [m-s™], and b, ; are the molar Maxwell-Stefan diffu-
sion coefficients [m?:s?], R is the universal gas constant and T is the absolute

temperature.

For the description of the mass transfer over a polymer film it is more practical to
use volume or mass fraction [1-3]. Assuming an ideal mixture and no excess vol-
ume, the average molar volume (V ol ) is given by

VI3 (x; v ), A2
=R

where is VjmJI a is the component molar volume. In equation A 3, the mole frac-
tions are transformed into volume fractions (¢, ).
i = =
Z<XJ Vi )
j=1

Finally, equation A 4 can be derived, which gives the Maxwell-Stefan equation in

volume fractions form [2].

¢ O igi(ui-uj) V™
— A Vrpui=—
Vim)l RT ! ]Z_l i, Virml 'erml A4
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The component velocity in the membrane can be calculated by

_Ji
'

Ui A5

where J; is the volumetric flux of component i. Assuming one dimensional

transport, equation A 6 can be obtained.

6 () _3fos [J_i_J_ij v N
Virml RT\ dz TP i Di,j ¢i ¢j Virml _erml

Where z is the membrane cross-section thickness in flow direction. Assuming
that only the friction of the component with the stationary membrane phase domi-
nates the component transport, similar to a solution-diffusion model, the Maxwell-

Stefan model in difference form in equation A 7 can be derived.

1 Aui gm (Ji V™ e
RT zm  Dim g Vi

oi

Where Z, is the total membrane separation layer thickness, V,;m' is the molar
volume of membrane polymer, Dim is the average molar Maxwell-Stefan diffusion
coefficients between component i and the membrane, % and ¢T, are average

volume fractions of membrane polymer and component i , respectively.
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A 2 The Flory-Rehner/Hansen chemical potential model

There are a large number of activity coefficient models, which predict chemical
potential of solvents in polymers [4-7]. For activity coefficients in the rubbery mem-
brane a purely predictive Flory-Huggins model was chosen in which the energetic
interactions between components are approximated with Hansen solubility param-
eters (HSP) [8-10]. Since the separation layer of the investigated membrane is a
crosslinked polymer network, the elastic properties of the polymer are closely ad-

dressed.

In the Frenkel-Flory-Rehner theory it is assumed that the chemical potential can
be described by two separate terms. A mixing contribution term ( ,u{”x ), supporting

the polymer dissolution, and an elastic term (yie'as“c

), restricting the swelling of the
polymer [11-13]. The chemical potential of swelling in crosslinked networks is given

by equation A 8.

elastic

Hi= T+ A8

A 2.1 Chemical potential mixing term

The mixing chemical potential of component i [eV pro molecule] in a multicom-
ponent system can be defined by Helmholz energy (equation A 9).

P :(Mj A9
| onj TV,n

where N, is the number of molecules of component i in the volume V . Consid-
ering the Flory-Huggins lattice model, the volume of molecule i (V,) in the volume

V can be defined as

VI :V* ° NI

N A 10
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where v is the volume of one segment, N, is the number of segments in one

molecule of component i .
In equation A 11 the volume fraction is redefined as

v -Ni-n; o \Y
= resulting in Ni =—;
\Y vV -Ni

¢ ¢ . A1l
The chemical potential of component i in the volume V can then be expressed

by equation A 12.

*

i vV O(AFyi

m =Ni v O(AFm ) A12
V  Odi

Victorov et. al. [14] define the Helmholz energy of mixing for a single segment by

equation A 13.

*

frix =——— AFix A 13
kTV

Further, Victorov et. al. [14] define the Helmholz energy of mixing for a segment

in a multicomponent mixture by equation A 14.

Ok 1 1 1 . ik
=—In(¢ )+ ¢ (———}ZZ(% o [)(LJ —5 A 14
ogi N i Ni N;j i K 2

Where 4/, is an interaction parameter between segments. After transformation

the expression for the mixing term of the chemical potential for a component i in eV

pro molecule units becomes equation A 15.

B in(g)+Y g, (l—&j+Ni 61203 N S Bz ) A15
k-T j N j 2 K

j j

For solvents the volume of the whole solvent molecule is taken to be the volume
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of the segment (N; =1). Hence the chemical potential of solvent i in J-mol! unit is

nmix nol

A —ing)+ >4, Y +Z(¢jzi|j)—£22(¢j¢kl;,k) A 16
R-T j v 2k

Where g, ; is the Flory-Huggins interaction parameter between component I and
component |. In the Flory-Huggins model derivation, the Flory-Huggins interaction

parameter contains several parameters as given by [10]

1, v™ | v™ 2
Zij =—|1- + (5it ‘5})
z{ v™ ) R.T

Al7

where Z; is the component lattice coordination number and 5} is the Hildebrand
solubility parameter. The f, (f, <<1) is the probability “that the site is occupied by

a component segment of a chain being placed [10]”.

Gonzalez-Leon et. al. [15] approximated the Flory-Huggins interaction parameter
by equation A 18.
nol nol
)\ ; iV 2
VAR :—(5it_5jt) A 18
R-T
Lindving et. al. [5] approximated the interaction parameter with HSP given by

equation A 19.

I :O.G\ﬂ((éid —5%f +0.25(5P — 57 +0.25(5" — 5" )2) A 19

k-T
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Where 5%, 6P and 8 are dispersion, polar and hydrogen-bonding Hansen

solubility parameters (HSP) of component i , respectively.

A 2.2 Rubber elasticity theory

In the literature, the elastic contributions in membrane swelling are mostly defined
for one solvent [16, 17]. Only a few articles address the applicability of the Flory-
Rehner equations to ternary mixtures of two solvents and a PDMS network [18-20].
Since a multicomponent mixture is considered here, the Flory-Rehner [21] approach
was adapted to a multicomponent mixture. In this derivation the reduced number of
possible configurations of penetrates in the swollen polymer network is not included.
The statistical thermodynamic theory defines the elastic Gibbs energy through de-
formation a of the polymer network and is given by equation A 20 [11].

AGelastic _ dim
kT 2

Fe (a2 —1—Ina> A 20

Where 4§, is the effective number of crosslinks in the polymer network molecule
and dim is the number of dimensions in which the network can swell. The chemical

potential in eV unit is defined by equation A 21.

elastic _ a(AGeIastic ) _ {a(AGebStiC )J 8_05
7 =| —~——¢castic/ = A2l
T,Pn

on, oa on,

I T,P,n I /T,P,n

By substituting equation A 20 into equation A 21, equation A 22 is obtained.

elastic .
y7s dim 1| O
=—9 (20! - —J — A 22

T,P,n

The effective number of crosslinks can be expressed as total number of cross-

links in the polymer network molecule (%), given by equation A 23.
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2-Mw
S =9 1l-— A 23

Mw

Where Mw , is the molar weight of subchains (between two crosslinks) of the
polymer network molecule and Mw ; is the molar weight of oligomer before cross-

linking. The total number of crosslinks in one polymer network molecule is shown in

equation A 24.

Nm 'V* 'NA'pm

J= A 24

Mw

C

Where Nn, is the number of lattice places occupied by one polymer molecule,

Pm is the polymer mass density and N, is the Avogadro constant.

After substitution of equations A 23 and A 24 into equation A 22, the chemical

potential equation has been derived as a function of deformation variable according

to

:uiEIaStiC _ dim N, v ‘Np - Pn 1- 2IVIWC {Zalj a_a
on,

k-T 2 Mw Mw a PN

The polymer network deformation can be expressed using polymer volume frac-
tion in the polymer/solvent mixture. Observing one molecule of the polymer network
(Nm =1) in swollen and dry state and combining this with the Flory-Huggins lattice
theory, the following expression can be obtained for the membrane volume fraction.

vV N, +v Y (0 oN)
! A 26

Where V¢ is the polymer free volume in dry state. Further assuming that the free
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volume in dry state is negligible, equation A 26 can be transformed to equation A
27.
Nm + Z (ni ’ I\Ii )
|

= A 27
¢m Nm

A 2.3 Elastic term for one-dimensional swelling

Since the membrane separation layer is attached to the substrate, one-dimen-
sional swelling is assumed (dim =1). Hence, one-dimensional deformation « is
inversely proportional to the volume fraction of polymer as given by

Nm + z (ni ) I\Ii )
i

a=—= A 28
P Np

Substituting previous equation and differentiating equation A 25 the chemical po-

tential contribution for one-dimensional swelling is derived (see equation A 29).

luielastic _ENm'V*'NA"Dm (1_2-|\/|Wc](i_¢ j&
kT 2 Mw Mwo Ngn ~ JNm

A 29

Considering that the component molar volume is Vi””“’I =N; v -Na, equation A

30 is derived.
ielastic Virml *Pm 2. MWC 1 ¢m
= 1- - T A 30
k-T Mw . Mw D 2

The total chemical potential of a component i in J-mol? is given by equation A

31.
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nix ,entropy mix ,enthalpy elastic
H  _H L H L H

R-T R-T R-T R-T with

mix ,entropy V. nol

A inlg) e Y 1
R-T i erml

.m'x .enthalpy

A =2 ™ Y (g2, V™ Y (e aik) Ast
R-T j ik

/UielaStiC _Virml - Pm (1_2-MWC j{i_@)

RT  Mwc MWo Ndgm 2

=03 (59 52 vo2s(sp o7 F +0.25(5 ! F)

R-T

a.I’J

Where a; ; is the symmetrical interaction parameter between two components.

The mass molar volume of the monomer unit is defined as

mol _ MW nonomer
m,monomer = . A 32

Pm

By substitution of equation A 32 into equation A 31 the total chemical potential of
a component for one-dimensional swelling of the surfaced attached polymer film is
obtained

mix ,entropy mix ,enthalpy elastic
K K i i
= + +

R-T R-T R-T R-T with

mix ,entropy \V/ nol

S =in(g)+ 24 12— A3
R-T j erml

.m'x .enthalpy

=2 ™ Y (g2, V™ T (e aik)
R-T j ik
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pEE V™ MW mononer (1_2.ch j( 1 _¢_m]
R-T r;lr,orlonorrer Mw ¢ Mw o dm 2
0.3 d d\2 p p 2 h h }2
a,, =——|(5¢ =59 +0.25(57 57 f +0.25(5" —5")
R-T

A 2.4 Elastic term for three-dimensional swelling

The tree-dimensional isotropic swelling (dim=3) of a free standing film assumes
relation between the polymer network deformation and membrane polymer volume

fraction as

A 34

Considering one molecule of membrane polymer and neglecting the free volume
of dry polymer network, expression A 35 is derived.

5 Nm+i2(ni'Ni)

o = A 35
N

m

By substituting equation A 35 into equation A 25 and consecutive differentiation,

eguation A 36 obtained.
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mix ,entropy nix ,enthalpy elastic
K K i i
= + +

R-T R-T R-T R-T with

_m'x ,entropy \V/ nol

B =1Ing)+ > ¢ 1-——
R-T j erml

ﬂmx ,enthalpy A 36
. I |

R-T j o
Iuielastic _Virml - Om (:L_Z.MWC j( vz @m j

s _¥m
Mw o 2

R-T Mw ¢

ai) :%{(55’ 59 ) +0.25(5P 57 | +0.25(5" ~5" )2)

Substituting expression for mass density of the membrane (equation A 32) into
equation A 36, the following model for the total chemical potential of a component

for three-dimensional swelling of the free standing polymer film is derived.

ﬂi _ Iuim'x ,entropy . ‘uim'x ,enthalpy . ielasti(:
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mix entropy V. rrol
DY e

mx ,enthalpy
H; o mo
—_— =2V, ! (¢j -ai,j)—Vi ' ZZ(¢1 2 'aj,k) AST

R-T j h
ﬂielastic _ Virml MW rronomer (:L_Z.MWC j(¢r1n/3 _¢_mj
R-T rg,onlononer Mw ¢ Mw o 2
=23 (59 259 +0.25(5P —5P F +0.25(5" "
ai,j _E 0, —5j +0.25(4; —5j +0.25(4; —5j

Applying equation A 36 to a single solvent i the known Flory-Rehner chemical
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potential model is derived (see equation A 38), where the interaction parameter is

defined according to Lindvig et. al. [8, 13, 21].

ix. ix enthal lasti
m _ luimx entropy . imx enthalpy . 'uieastlc
R-T R-T R-T R-T with
mix ,entropy nol
i—=|n(¢l)+¢m 1_Vi_
R-T v,
mix ,enthalpy
i 2
' =0n Xim A 38
R-T

/Jielastic Virml - P 1_2-|\/|WC { 1/3¢_m}

= m
R-T Mw Mw 2

Cc (0]

mol

Zim :O'lei?—_l_((é‘id ~58 ¥ +0.25(5P —58 ' +0.25(s" - s )Zj
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A 3 Sensitivity analysis of the developed Flory-Hug-
ging/Hansen and Maxwell-Stefan/Free Volume the-

ory model

An overview of membrane model parameters for predicting mass transport

through the silicone membrane ONF-2 by the developed Flory-Hugging/Hansen

model and Maxwell-Stefan/Free Volume theory model is given in Table A 1. The

parameters were estimated from performed swelling experiments with PDMS

sheets of RTV615 provided by General Electrics.

Table A 1: Overview of membrane model parameters for predicting mass transport

through the silicone membrane ONF-2.

1 Zmdry [um]

2 Vi onomer [em3-mol]

3 Am -]

4 Vr&m)nomar [Cm3'm0|_l]

5 MW monomer (1_2'MWC

Mw ¢ Mo

53 [(MPa)°5]

6 5#1 [((MPa)°-9]

S [(MPa)°9]

)

dry membrane thickness
molar volume of monomer

free volume overlap factor

minimal molar volume of mono-

mer

non-dimensional crosslinking pa-

rameter

Hansen solubility parameters

2.75

73.1

0.7

63.9

0.021

14.8

-5.4

5.2

The parameters given in Table A 1 could be also estimated from experimentally

determined pure solvent permeability for ONF-2 membrane.

The estimated values and averaged absolute and averaged relative deviation of

predicted permeabilities for the reported Free Volume approach [22] are given in
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Table A 2.

Table A 2: The estimated values and averaged absolute and averaged relative de-
viation of predicted permeabilities for the reported Free Volume approach [22].

Reported Free Volume the-

ory AAD ARD
(see Eq. 51)
Estimated parameter value [L-h1-m2 -bar?] [-]
- - 0.372 0.246
Zm,dry [um] 2.71 0.372 0.246
ViPonorer [cm3-mol] 73.2 0.372 0.244
Am [ ] 0.689 0.370 0.244
Vm,monomer [cm3-mol?] 61.9 0.370 0.243
Mw 2-Mw
el (1— Cj 0.021 0.372 0.246
Mw ¢ Mo
59 [(MPa)°5] 14.9
S0 [(MPa)°5] 5.4 0.362 0.242
S [(MPa)°5] 5.3

From the comparison of deviations in Table A 2 a slight improvement of model
prediction accuracy of the reported Free Volume model could only be achieved by

the estimation of Hansen solubility parameters.
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A 4 List of symbols

a | symmetrical interaction parameter mol-m™3

number of dimensions in which the network can

dim swell _
Fix Helmholz energy eV
i probability “that the site is occupied by a compo- ]
nent segment of a chain being placed [10]"
fi Helmholz energy of mixing for segment -
G gjasic Gibbs energy eV
J, volumetric flux of component i m-s?
k Boltzmann constant J-K1
Mw . molar weight of subchains between two crosslinks kg-mol?
Mw molar weight of oligomer kg-mol*
N, Avogadro constant mol?
N number of segments in one molecule of compo-
! nent | -
N number of lattice places occupied by one polymer ]
m molecule
N number of molecules of component i in the vol- ]
| ume V
n, number of the polymer network of molecules -
R the universal gas constant J-mol1-K1
T absolute temperature K
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velocity of component |

volume

polymer free volume in dry state
volume of molecule i

molar volume of component |
molar volume of membrane polymer,
monomer molar volume

minimal molar volume of monomer
average molar volume

segment volume

mole fraction of component i

component lattice coordination number

membrane cross-section thickness in flow direc-

tion
total membrane separation layer thickness

dry membrane thickness

molar Maxwell-Stefan diffusion coefficient

is the average molar Maxwell-Stefan diffusion co-

efficients between component i and the mem-

brane

Greek symbols

m-s?

m3

m3

m3

m3-mol-1

m3-mol-?

m3-mol-1

m3-mol-1

m3-mol-

m3

mZ.S-l

mZ.S-l
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H;

Hi

elastic

deformation of polymer network
Hildebrand solubility parameter of component |

dispersion Hansen solubility parameter of compo-

nent i

dipole Hansen solubility parameter of component
i

hydrogen bonding Hansen solubility parameter of

component |

total number of crosslinks in the polymer network

molecule

is the effective number of crosslinks in the poly-

mer network molecule

membrane free volume overlap factor

chemical potential of component i

mixing contribution term of chemical potential of

component |

elastic contribution term of chemical potential of

component |

polymer mass density

volume fraction of component i
average volume fraction of component i
Flory-Huggins interaction parameter

interaction parameter between segments

(Pa)O.S

(pa)O.S

(pa)O.S

(pa)O.S

J-mol?

J-mol?

J:-mol?

kg-m'3
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