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a  b  s  t  r  a  c  t

In  solvent  resistant  nanofiltration  (SRNF),  sensible  selection  of  a membrane  for  a particular  solvent/solute
system  is recognized  as  challenging.  Prospective  methods  for  suitability  analysis  of  membranes  include
molecular  weight  cut  off  (MWCO)  characterization.  However,  insufficient  understanding  of the  inter-
related  effects  of  solvent,  solute,  membrane  properties,  and  the applied  process  conditions  often
complicates  interpretation  of  MWCO  data.  This  study  demonstrates  and  discusses  such  effects  with
respect  to  transport  mechanism.  To  this  end  very  different  SRNF  systems  have  been  selected:  a  rigid
porous  membrane  (hydrophobized  zirconia)  versus  a  rubbery  dense  membrane  (polydimethylsiloxane);
a  low  flux  solvent  (toluene)  versus  high  flux  solvent  (n-hexane);  and  a stiff  solute  (polystyrene)  versus
a flexible  solute  (polyisobutylene).  The  results  indicate  that,  for  the applied  conditions,  the MWCO  of
low-induced polymer deformation
olystyrene
olyisobutylene

the dense  membrane  is predominantly  affected  by solute–membrane  and  solvent–membrane  interac-
tions.  For  the  rigid  porous  membrane  a  significant  effect  of applied  pressure  is observed,  in particular  for
the  flexible  solute.  The  non-linear  relation  between  flux  and  pressure  and  the  variations  in MWCO  with
pressure  indicate  combined  effects  of concentration  polarization  and  shear  induced  deformation  of  the
flexible  solute.  The  results  unmistakably  show  that  the  interpretation  of  MWCO  is heavily  dependent  on
the system  under  study.
. Introduction

In solvent resistant nanofiltration (SRNF) recently significant
mprovements have been achieved in the development of solvent
table membranes [1,2]. An increasing number of successful appli-
ations have been reported in catalysis, the petrochemical industry
nd pharmaceutical industry. These applications include recovery
f solvents (e.g. toluene) from dewaxed lube oil filtrates [3], sol-
ent exchange [4],  recovery of the organometallic complexes from
arious organic solvents [5],  separation of phase transfer catalyst

PTC) from toluene [6,7], deacidification of vegetable oils [8,9] and
oncentration of pharmaceuticals [10–12].
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oi:10.1016/j.memsci.2011.11.039
© 2011 Elsevier B.V. All rights reserved.

Amongst others, application of SRNF membranes is hampered
by the complications involved in selecting appropriate membranes
for each distinct separation [12]. The choice for a particular mem-
brane can be based on its MWCO, however, MWCO  analysis in SRNF
is less developed and more complicated as compared to aqueous
systems [13–20].  The complexity of MWCO  in SRNF arises from
pronounced effects of process conditions, inherent properties of
the membrane, and solvent–solute–membrane interactions.

Currently there is no universal protocol for determining the
MWCO  of SRNF membranes. A promising method is the filtration of
a mixture of a homologues series of neutral polystyrene oligomers
in toluene, as proposed by Voigt et al. [21]. This method was sys-
tematically further developed by Zwijnenberg [22], See Toh et al.
[23] and Dutczak et al. [24]. Based on this approach, the present
work investigates the effect of process conditions and the interre-
lated and inherent properties of different components. To this end,

different SRNF systems have been selected:

• Membrane: rigid and porous (zirconia) versus rubbery and dense
(polydimethylsiloxane).

dx.doi.org/10.1016/j.memsci.2011.11.039
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:h.j.zwijnenberg@utwente.nl
dx.doi.org/10.1016/j.memsci.2011.11.039
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Table 1
Spinning dope compositions for the fabrication of the alumina support.

Spinning dope Composition, % (w/w)

PES NMP  AKP 15 AKP 50 H2O PVP
12 H.J. Zwijnenberg et al. / Journal of M

Solvent: low flux (toluene) versus high flux (n-hexane).
Solute: stiff solute (polystyrene) versus a flexible solute (poly-
isobutylene).

The choice of membranes represents two extremes in SRNF. Sol-
ent fluxes through the porous membrane will be much higher as
ompared to the dense membrane. Consequently, for the porous
embrane, concentration polarization effects and shear-induced

eformation of the solutes [25] are expected to be more pro-
ounced. In contrast to the rigid porous membrane, the rubbery
ense membrane can exhibit pronounced swelling due to sorption
f the solvent. Solvent selection is based on anticipated differences
n flux. Compared to toluene, higher fluxes have been observed for
-hexane [16–18,26] corresponding to more pronounced effects of
ow-induced solute deformation and concentration polarization.

n addition, solvent–solute interactions will be different. Selected
olutes, polystyrene (PS) and polyisobutylene (PIB) are homologous
ligomer mixtures, allowing for a broad molecular weight distribu-
ion. Crucial differences between these solutes are their shape and
exibility; compared to PS, PIB can be considered a long thin and
exible molecule [27].

This study aims at giving a practical display of the effects on the
ound MWCO  originating from:

Process conditions and phenomena such as concentration polar-
ization.
Interactions between solvent, solute, and membrane.
Shape and flexibility of solute.

In that respect it shows the difference in transport behavior
f the solutions rather than characterizing the membranes them-
elves.

. Experimental

.1. Materials

Toluene, n-hexane, methanol and tetrahydrofuran (THF), all
nalytical grades, were purchased from Merck (The Netherlands).
tyrene (Reagent Plus ≥99%) and sec-butyllithium solution
1.4 M in cyclohexane) were purchased from Sigma–Aldrich (The
etherlands). The polyisobutylene (PIB), Glissopal® of 550, 1000,
300, and 2300 g/mol were kindly provided by BASF – Germany
nd the PIB of 350 g/mol by Janex S.A. – Switzerland. All chemi-
als were used as supplied without additional purification. General
lectric polydimethylsiloxane (PDMS) RTV 615 kit was purchased
rom Permacol B.V. (The Netherlands). A two component epoxy
esin Araldite® 2014-1 obtained from Viba (The Netherlands) was
sed as potting for modules containing PDMS/�-alumina HF com-
osite membranes. Powders used for preparation of the hollow
ber �-alumina support were AKP 15 (particle size 0.6 �m)  and
KP 50 (particle size 0.2 �m)  purchased from Sumitomo Chemi-
als Co. Ltd. Poly(ethersulfone) (PES, Ultrason, 6020P) was used as
olymer binder, N-methylpyrrolidone (NMP, 99.5% (w/w), Aldrich)
s solvent, deionized water as non-solvent. The �-alumina powder
nd PES were dried before use; all other chemicals were used with-
ut further treatment. A commercial multichannel porous silanized
irconia membrane, referred to as zirconia, was kindly supplied
y Fraunhofer-Institut für Keramische Technologien und Systeme

 IKTS (former HITK, Hermsdorf, Germany). The selective layer of
his membrane was produced by formation of a thin sol–gel derived

irconia coating with a pore size of 3 nm,  followed by silanization
o form a hydrophobic surface. The resulting pore size was  there-
ore well below the 3 nm resulting in a membrane with true NF
roperties.
Inner (support layer) 10 39 49 – – 2
Outer (separating layer) 12 52 – 33 3 0

2.2. Composite hollow fiber membrane preparation

2.2.1. Preparation of an ˛-alumina hollow fiber support
Hollow fibers were prepared via a dry–wet spinning process fol-

lowed by heat treatment, as described in detail elsewhere [28]. Two
spinning mixtures were prepared for the preparation of the inner
and the outer layer (see Table 1). The alumina powder was added to
a NMP  or in a NMP/H2O mixture followed by stirring for 15 min  and
ultrasonic treatment for 15 min  to decrease the amount of agglom-
erates in the alumina powder. PES was  added in three steps with
a time interval of 2 h followed by stirring overnight. The NMP/PES
ratio was  kept constant (4/1), while the concentration of �-alumina
was varied. The concentration of �-alumina particles was  lowered
in spinning mixture of the outer layer to achieve a thinner layer and
water was  added to improve the morphology of the layer. Prior
to spinning the mixtures were degassed by applying vacuum for
30 min and left for 16 h under dry air.

Spinning experiments were performed with a bore liquid flow of
7 ml/min, air gap of 3 cm and pressure differences of 1 and 2.5 bars
for the inner and outer layer, respectively. The spinning mixtures
(see Table 1) were pressurized in a stainless steel vessel, and conse-
quently pressed through a spinneret (inner and outer diameter of
0.8 mm/2.0 mm for inner layer and 2.2 mm/2.5 mm for outer layer).
After spinning, the fiber was immersed in a water bath for fur-
ther solvent exchange for 1 day followed by drying and stretching
(0.5 cm/m)  for 1 day to straighten the fiber. The removal of PES was
performed at 400 ◦C for 120 min  (heating rate 1 ◦C min−1) and the
fibers were sintered at 1500 ◦C for 300 min  (heating rate 1 ◦C min−1,
cooling rate 5 ◦C min−1) in air.

2.2.2. PDMS coating on an ˛-alumina hollow fiber support
Composite �-alumina/PDMS hollow fiber membranes (referred

to here as PDMS membranes) were prepared in an ISO-6 class
dust free room. The membranes were prepared by dip-coating in
the 3.2% (w/w) pre-crosslinked PDMS/toluene solution of viscosity
175 MPa  sat the outside of the fiber. Pre-crosslinking was  carried
out in order to prevent significant pore intrusion of the PDMS in the
support. The coating was performed using an automated set-up
adjusted to an immersion/pull up velocity of 0.9 cm/s and a con-
tact time of 30 s. The pre-crosslinked PDMS coating solution was
prepared in three steps, starting from 15% (w/w) PDMS solution
in toluene. First, the solution was crosslinked at 60 ◦C for 150 min
then at 50 ◦C till it reached 100 MPa  s viscosity. In the next step, it
was diluted to 7.5% (w/w) and the reaction continued at 60 ◦C till
again the solution reached 100 MPa  s viscosity. Finally, the solution
was diluted to 3.2% (w/w)  and brought to a viscosity of 175 MPa s
by crosslinking at 60 ◦C. Detailed descriptions of pre-crosslinking
of the PDMS solution as well as the coating procedure can be found
elsewhere [24].

2.2.3. HF Module preparation
The composite PDMS membranes were potted in cross-flow

stainless steel modules. Each module contained one fiber of

155 mm active length. Araldite® 2014-1 was used as a potting mate-
rial. The resin was allowed to set at room temperature for minimum
24 h before using the module for permeation experiments.
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Fig. 1. Molecular weight distribution of the synthesized polystyrene.

.3. MWCO  determination

.3.1. Polystyrene synthesis
PS of broad molecular weight distribution 300–6000 g/mol was

ynthesized by anionic living polymerization in a similar way as
escribed in prior work [24] but with intermediate termination of
art of the living chains.

In the reaction flask, containing toluene (500 g), 1.4 M sec-
utyllithium (200 ml,  0.28 mol) was injected through the septum.
he subsequent addition of a toluene–styrene solution to the sec-
utyllithium dissolved in toluene was performed in three steps:

1) Styrene (42.8 g, 0.41 mol) in toluene (90 g) was  added within
2 min. After 5 min  of stirring, MeOH (1.1 ml,  0.03 mol) was
injected into the reaction solution in order to quench 10% of
growing chains.

2) Styrene (228.1 g, 2.18 mol) and MeOH (9.4 ml,  0.23 mol) in
toluene (480 g) was  added dropwise during 3 h 45 min  into the
polymerization mixture.

3) Directly afterwards, styrene (14.3 g, 0.14 mol) dissolved in
toluene (30 g) was added within 1 min  to the polymerization
solution. The temperature of the reaction mixture was  main-
tained below 30 ◦C at all times. The polymer solution was  stirred
for an additional 2 h at room temperature and quenched with
methanol (4 ml).

The resulting oligomer mixture had an average MW of about
950 g/mol, see Fig. 1 for the GPC results.

In order to ensure a sufficient concentration of low and high
W fractions of PS, the synthesized PS was mixed together in 1:1:1

w/w) ratio with a PS batch of 1000 g/mol and one of 10,000 g/mol
S. The synthesis of these latter batches is described elsewhere [24].
his particular mixture, of 200–20,000 g/mol, was  chosen to obtain
he rejection behavior of the membranes above 1000 g/mol and
heck for leakages.

.3.2. Permeation experiments
All permeation experiments were performed in a custom made

ross-flow high pressure permeation set-up [24]. The set-up was
quipped with a pressure and a circulation pump to adjust both
ressure and circulation speed independently of each other. All per-
eation experiments were performed in a total recycle mode at a
ross-flow velocity of the feed solution of 2.4 m/s  for the PDMS com-
osite membrane and 4.0 m/s  for the zirconia membrane. These
elocities corresponded to Reynolds numbers of approximately
0,000 for toluene and 31,000 for hexane and a stage cut below 1%.
ne Science 390– 391 (2012) 211– 217 213

The temperature of the feed solution was  controlled at 25 ◦C. All zir-
conia permeation experiments were performed using one module
of 626.7 × 10−4 m2. Each measurement was performed in triplicate.
For the PDMS permeation studies we used three membrane mod-
ules of 7.1 × 10−4 m2, each. The average of the three membranes is
reported here.

Before starting the flux or MWCO  measurement, each mem-
brane module was pressurized at the test pressure for minimum
2 h to reach the steady state conditions. The permeance coefficient,
P (l m−2 h−1 bar−1), was calculated from the slope of the flux (J, in
l m−2 h−1) versus trans membrane pressure (TMP) graph. Deter-
mination of the pure solvent permeance coefficients was always
carried out first. Afterwards, the permeation of 0.3% (w/w) PS mix-
ture, with MW distribution ranging from 300 to 20,000 g/mol, was
performed in order to obtain MWCO  curves. Next a PIB mixture
of 1:1:1:1:1 (w/w) of five fractions: 350, 550, 1000, 1300, and
2300 g/mol, all having a broad MW distribution, was  dissolved
in toluene at a total polymer concentration of 0.3% (w/w). The
resulting PIB oligomer mixture had a MW ranging from 200 to
20,000 g/mol. It was used to determine MWCO  curves for all tested
membranes in the toluene–PIB system. The same composition and
concentration of PIB was  used for tests in the n-hexane–PIB sys-
tem. In order to ensure that the separation performance of the
membranes was  not changed during filtration experiments, per-
meation of PS–toluene solution was  repeated and compared to the
initial results. The concentration of PS and PIB oligomers in the
feed and permeate stream was  determined by GPC chromatogra-
phy. For PS a PSS SDV 1000 Å  column was  used with analytical grade
toluene as a mobile phase. In the case of PIB, tandem columns PSS
SDV 100 Å and PSS SDV 1000 Å were used with analytical grade
THF as a mobile phase. The GPC analysis is described in detail
elsewhere [24].

3. Results and discussion

3.1. PDMS membrane fabrication

Fig. 2 presents SEM images of the cross section of the compos-
ite PDMS/�-alumina membrane. The outer diameter of the fiber
was ∼1.5 mm and the wall thickness ∼0.28 mm.  The cross section
image reveals a distinct PDMS layer on a support consisting of two
�-alumina layers with different particle size. The layers adhere
very well. The inner �-alumina layer has relatively large pores
in between particles combined with a noticeable macrovoid vol-
ume, corresponding to low resistance to mass transport. The outer
�-alumina layer exhibits less macrovoids and has smaller interpar-
ticle pores, to prevent infiltration of the PDMS top layer. Dutczak
et al. [24] described the importance of having small pores in the
top layer of the support. The thickness of the PDMS layer was  esti-
mated to be 6 ± 1 �m with pore intrusion ∼2 �m,  using a procedure
described elsewhere [24].

3.2. Membrane permeance and MWCO

3.2.1. Effects of the solute
Fig. 3a presents the flux of pure toluene and PS/toluene and

PIB/toluene mixtures as function of pressure for both membranes
whereas Fig. 3b and c presents the PS and PIB retention curves of
the membranes. Please note that whereas in Fig. 3a the symbols
represent actual experimental values, the symbols in Fig. 3b and
c only serve to guide the eye between the different lines resulting

from the gel permeation chromatograph analysis.

For the PDMS composite membrane there is a linear rela-
tion between toluene flux and pressure that is not significantly
affected by the presence of PS or PIB (Fig. 3a). The membrane
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Fig. 3. Transport properties of the zirconia and PDMS membranes. (a) Flux of
toluene, PIB/toluene and PS/toluene as a function of transmembrane pressure.
Retention curves of PIB and PS in toluene for (b) composite PDMS hollow fiber mem-
brane (c) zirconia TiO2 multichannel membrane. In b and c the depicted symbols
present an optical guide to distinguish between the experimental curves derived
from the GPC analysis.
ig. 2. SEM pictures of composite �-alumina/PDMS hollow fiber: (a) Cross-section
magnification 75×)  and (b) cross-section (magnification 2500×).

ermeance coefficient is relatively low (Ptol = 1.1, l m−2 h−1 bar−1).
he PS and PIB retention curves of PDMS (Fig. 2b) reveal that the
WCO  obtained with PIB is almost double (900 g/mol) as com-

ared to that obtained with PS (500 g/mol). Since the flux through
he PDMS membrane is unaffected by the presence of the solutes
nd the extent of membrane swelling is dominated by the solvent
the toluene volume fraction in the membrane is ˚toluene = 0.73
26]), the difference in retention must be a consequence of differ-
nces in molecular properties of the solutes. The lower retention
f PIB is probably due to a combination of higher solubility and
igher diffusivity in the membrane. A higher solubility can be jus-
ified based on the small difference between solubility parameters
f PIB and PDMS (�ıPDMS-PIB ≈ 0.4), as compared PS and PDMS
�ıPDMS-PS ≈ 3.0–2.3 MPa1/2) [29,30].

It can be noted that although this highly swollen membrane
onsists for almost 3/4 of toluene, the larger radius of gyration for
IB in toluene, does not result in a higher retention. Apparently, the
nteraction of the solute with the PDMS network still dominates the
ransport.

A higher diffusivity can be expected based on the smaller chain
iameter and higher flexibility of PIB in comparison to PS [31], see
able 2. The smaller and more flexible PIB will be more mobile in
he swollen PDMS, which according to Tarleton et al. could even be
nvisioned as an ill-defined porous structure with the pore size in
he range of 1.0–1.5 nm [34,35].

Fig. 3b shows that there is no influence of pressure on the reten-

ion of PIB and PS oligomers by the PDMS composite membrane,
imilar to earlier observations [24]. This is a strong indication that
he fluxes of solvent and solute through the PDMS are not directly
oupled, i.e., via a solvent–solute friction term probably due to
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Table 2
Properties of solvents and solutes.

PIB PS

Static stiffness parameter �−1, nm [31] 1.27 2.35
Chain diameter db, nm [31] 0.64 1.01
Radius of gyration, nm [32,33] MW = 854 MW  = 904
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(n-heptane)
0.79

(toluene)
0.598

he low solute concentration (0.3%, w/w). Stafie et al. investigated
etention of oil in n-hexane by a PDMS/PAN composite membrane
nd reported an increase in retention with flux increase, at higher
il concentrations. The change of retention with flux was  reduced
t lower oil concentrations and was negligible below 8% (w/w) oil
n n-hexane. In this work we used 0.3% (w/w) concentration of
ligomers.

For the PDMS composite membrane, pressure independent
olute retention combined with the linear relation between the flux
nd the pressure indicate that concentration polarization derived
ffects are not relevant. A quantitative analysis of concentration
olarization is complicated by the uncontrolled turbulent hydro-
ynamics in the membrane module and the vibrations of the fiber.
owever, a relatively high mass transfer coefficient can be expected
hich combined with a low membrane flux corresponds to a rather

mall Peclet number. This indicates that the difference in concen-
ration of oligomers in the liquid bulk and at the membrane surface
ill only be small.

The pure toluene flux through the porous zirconia increases
inearly with pressure (Fig. 3a). Its permeance (6.1 ± 0.1,

 m−2 h−1 bar−1) is much higher as compared to the PDMS com-
osite membrane. In the presence of PIB or PS the permeance is
ot constant anymore but decreases with increasing pressure and
ecovers slowly with decreasing pressure. This non-linear rela-
ion between flux and pressure can be indicative of concentration
olarization derived effects. For this system the concentration
olarization modulus was calculated according to [36]:

ci0

cib
= exp(Jvı/Di)

1 + E0[exp(Jvı/Di) − 1]
(1)

nd found to be approximately 11, whereas the Peclet number is
2 (PePS/toluene ≈ PePIB/toluene ≈ 2), indicating that there is moderate
nhancement in concentration of oligomers at the surface of the
embrane and low osmotic pressure difference (�  ̆ < 1 bar). The

on-linear relation is probably due to the presence of oligomers in
he membrane pores, hindering the transport through the mem-
rane. This also complies with the relatively long time (∼hours)
equired for recovery of the permeability. In order to restore the flux
o its original behavior only permeation with pure solvent was used.
n the experiments no influence of the history of the experiments

as found, which is a strong indication that fouling or irreversible
henomena did not occur.

The PS retention curves for the zirconia membrane reveal
WCO  of 650 g/mol (Fig. 3c), in agreement with the specifica-

ions given by the manufacturer. The MWCO  obtained with PIB
950 g/mol) is much higher. The lower PIB retention is probably
ue to its shape and flexibility: the thinner and more flexible PIB
asses easier through the pores than the more rigid PS. Interest-

ngly, the retention curves of PIB show a slight dependence on the
ressure; for higher pressures a lower retention is observed. The
educed retention cannot be related to concentration polarization
n a straightforward manner, because this phenomenon would in

act be more pronounced for the PS molecules (similar Peclet num-
er, higher retention). The lower retention at higher pressures may

ndicate shear-induced deformation of the PIB molecules, allowing
igher transport rate of these oligomers through the rigid pores.
ne Science 390– 391 (2012) 211– 217 215

This effect will be unimportant for the rigid, non-deformable PS
molecules.

3.2.2. Effect of solvent
This section deals with the influence of the solvent on the rejec-

tion of the PIB oligomers. Due to very limited solubility of PS in
n-hexane, retention measurements could not be performed for
PS/hexane.

Fig. 4a depicts the fluxes of pure hexane and a PIB/hexane mix-
ture for both membranes. The general trends are the same as in
the case of toluene (compare with Fig. 3). For the PDMS compos-
ite membrane, the flux of pure n-hexane and the PIB/n-hexane
mixture are similar, and linearly proportional to the pressure.
Despite comparable swelling of the membrane in toluene and n-
hexane (˚v/v = 0.73–0.77 [26]) the flux of n-hexane is much higher
as compared to toluene. The permeance coefficient is sufficiently
low (Ptol = 1.8 ± 0.1, l m−2 h−1 bar−1) to assume that concentration
polarization effects are negligible. Fig. 4b depicts the PIB retention
curves of the PDMS membrane using toluene or n-hexane as sol-
vent. For both solvents the PIB retention is almost independent of
pressure. The MWCO  of PIB in toluene is much higher (900 g/mol)
than in n-hexane (650 g/mol). The main reason for the difference in
MWCO  is the higher permeance of n-hexane, resulting in a lower
concentration of PIB in the permeate. These observations suggest
that there is no direct coupling between the fluxes of solvent and
solute.

For the zirconia porous membrane the flux of pure hexane
increases linearly with transmembrane pressure (Fig. 4a). The per-
meance coefficient (17.2 ± 0.3, l m−2 h−1 bar−1) is much larger than
that of toluene. The presence of PIB results in a non-linear relation
between flux and pressure, in fact at higher pressures the mem-
brane permeance decreases with increasing pressure. Also in this
case, the estimated Peclet number is ∼3 [36] and the osmotic pres-
sure difference is low (�  ̆ < 2 bar) indicating that concentration
polarization induced osmotic effects cannot explain the drop in
permeance. Similarly in this case, presence of PIB molecules in the
pores seems to obstruct the flow. The retention of PIB by the zirco-
nia membrane in the two  solvents is in contrast with that of PDMS
(Fig. 4c). The MWCO  obtained with PIB in toluene is much lower
(950 g/mol) than in n-hexane (higher than 1200 g/mol). Notably,
the retention curves in n-hexane show a very pronounced pressure
dependence. At high pressures the retention initially increases with
MW until a maximum value and then decreases (see Fig. 4c). The
initial increase in retention corresponds to enhanced size exclu-
sion of larger molecules. The decrease in retention with MW for the
larger molecules is typically attributed to concentration polariza-
tion and it is reversible. The effect can be estimated calculating the
concentration polarization modulus as a function of MW.  It shows
in particular that larger molecules diffuse at a lower rate from the
membrane surface back to the liquid bulk, causing an increase of
high-MW PIB concentration in the boundary layer. A higher con-
centration gradient of large oligomers over the membrane surface
results in higher flux of these molecules through the membrane and
hence a lower retention. Superimposed effects can be an increase of
the partitioning coefficient of the high MW oligomers [37] and the
shear induced deformation of PIB molecules in the pores, similar to
that reported by Beerlage et al. for polyimide UF membranes with
ethyl acetate/high MW polystyrene (96 kg/mol) [25]. As suggested
by Beerlage, a higher trans-membrane pressure, and correspond-
ing larger flow through the pore, increases the frictional force
on the solute molecules. The enhanced frictional force causes the
polymer coil to unroll into more elongated conformations, which

are smaller than the original polymer coil and pass through the
pores more easily. It should be noted that in the present study
the higher flux of n-hexane is due to the lower viscosity, and in
a macroscopic description of the flow the shear forces inside the
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Fig. 4. Transport properties of the zirconia and PDMS membranes. (a) Flux of n-
hexane and PIB/n-hexane as a function of transmembrane pressure. (b) Retention
curves of PIB for PDMS. Solvents: toluene and n-hexane. (c) Retention curves of PIB
for zirconia membrane. Solvents: toluene and n-hexane. In b and c the depicted
symbols present an optical guide to distinguish between the experimental curves
derived from the GPC analysis.
Fig. 5. Retention of 1500 g/mol rigid PS and flexible PIB by the PDMS (full symbols)
and zirconia (open symbols) membranes. Solvents: n-hexane and toluene.

liquid would remain unchanged for a given pressure drop. How-
ever, given the comparable nanometer scale dimensions of the
pores and oligomers, for the system under study such a macroscopic
description is probably not valid.

Finally, it is important to point out that all experiments
were carried out on the same membranes in order to exclude
batch-differences. After all permeation experiments, filtration of
PS/toluene was  repeated for both membranes. The behavior of
the membranes was  checked for hysteresis between the different
pressures and solutions. No significant changes in retention were
observed in comparison to the initial results suggesting that the
membrane transport properties were not compromised during the
study. The fluxes of the membranes changed but could be restored
in time with normal permeation and no evidence of fouling was
observed during the tests.

4. Conclusions

To summarize our observations, Fig. 5 shows the retention of
1500 g/mol PS and PIB as a function of total permeate flux for the
dense rubber PDMS membrane and the rigid porous zirconia mem-
brane.

In the case of the PDMS composite membrane there is very
little effect of flux on retention. For this membrane the solvent
and solute are transported independently through the membrane
and solvent–membrane and solute–membrane determine reten-
tion behavior. For the zirconia membrane the retention of flexible
PIB decreases dramatically at higher fluxes, whereas retention of
the more rigid PS stays relatively constant. For this porous mem-
brane there is direct coupling between the solvent and solute fluxes
and the superimposed effects concentration polarization and shear
induced solute deformation are considerable. The presented obser-
vations point out that the selection of the proper solvent–solute
system and the process conditions for the MWCO  determination
as well as the interpretation of MWCO  data in organic solvents
requires extreme caution.
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