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a b s t r a c t

This paper describes the preparation of composite membranes comprising a poly[1-(trimethylsilyl)-1-
propyne] (PTMSP) top-layer on a porous poly(acrylonitrile) (PAN) support. The PTMSP layer has different
top-layer thickness in the range of 0.7–6.3 �m. The optimized PTMSP/PAN composite membranes with
top-layer thickness of about 1 �m have ethanol permeability of 3.8 kg/(m2 h bar) and 90% retention of
vailable online 10 February 2009
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anofiltration

the negatively charged dye Remazol Brilliant Blue R (MW 626.5) at 5 bar. The permeability of methanol,
ethanol or acetone through the PTMSP/PAN composite membranes is higher than a number of commercial
available nanofiltration membranes, whereas all membranes have rejection of about 90% for negative
charged dyes of different molecular weight. The permeability of methanol, ethanol and acetone through
the PTMSP/PAN composite membranes depends on solvent viscosity and membrane swelling; the solvent

domi
olvents
AN

viscosity seems to be the

. Introduction

Organic Solvent Nanofiltration (OSN), or Solvent Resistant
anofiltration (SRNF), is a rapidly growing area of membrane tech-
ology due to its great potential and advantages over the traditional
eparation methods such as distillation or extraction. In some cases
e.g. solvent exchange in multistage synthesis with thermally unsta-
le intermediates [1]), OSN can be considered unique separation
rocess that could provide effective and almost quantitative recov-
ry of target compounds in different areas, including chemical,
etrochemical and food industries [2].

Key part of the OSN process is a membrane which should be sta-
le in organic media, show high permeability for selected solvents
nd possess high retention of target compounds. In contrast to the
anofiltration of aqueous systems that has many decades of his-
ory, nanofiltration membranes for organic media are still limited
n number. The existing polymeric membranes can be divided into
hree groups: elastomeric/rubbery polymers, conventional glassy

olymers and high free volume glassy polymers.

To increase the mechanical stability of elastomeric polymers
e.g. silicone rubbers, polyurethanes, etc.) in solvents and achieve
igh retention of target compounds, these polymers are often cross-

∗ Corresponding author. Tel.: +7 495 955 4293; fax: +7 495 633 8520.
E-mail address: avolkov@ips.ac.ru (A.V. Volkov).

376-7388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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nant factor.
© 2009 Elsevier B.V. All rights reserved.

linked [3,4]. Besides, the addition of fillers (e.g. zeolites in PDMS
[5,6]) also increases the membrane stability and improves mem-
brane retention in polar and non-polar solvents. The membrane
selectivity is determined by difference in solubility and diffusiv-
ity of the components the mixture to be separated. Nonetheless,
other parameters, such as dragging (coupling) may also effect the
membrane transport and selectivity [7]. These are usually compos-
ite type nanofiltration membranes based on nonporous top-layer
on a support.

For conventional glassy polymers (polyamides, polyimides,
polysulfones, etc.), the nanoporous structure of selective layer is
mainly created by immersion precipitation, although recently, the
interfacial polymerization has also been used [8]. In contrast to
elastomeric membranes, the membrane selectivity is often deter-
mined by the difference in size of the molecules to be separated.
Nonetheless, the membrane–solvent–solute interactions may also
play a major role in transport [9]. To increase the solvent resistance
of some of these membranes in wider range of solvents includ-
ing DMF, NMP, DMAc, DMSO, etc. the membranes are cross-linked
post-membrane formation (e.g. polyimides Lenzing P84 [10] or
Matrimid® [11]).
In earlier work some of the authors proposed using poly[1-
(trimethylsilyl)-1-propyne] (PTMSP) for the preparation of OSN
membranes [12–14]. PTMSP is a hydrophobic glassy polymer
(Tg > 300 ◦C) with extremely high free volume fraction (up to 25%)
that provides the highest gas permeability among the known poly-

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:avolkov@ips.ac.ru
dx.doi.org/10.1016/j.memsci.2009.01.050
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Fig. 1. The structure of poly[1-(trimethylsilyl)-1-propyne] (PTMSP).

ers [15]. The intrinsic nanoporous structure of PTMSP is naturally
ormed during the casting of polymeric solution and no subsequent
reatment is required. It is stable in alcohols, ketones and some
liphatic hydrocarbons (PTMSP with cis-conformation higher than
5% is insoluble in hexane and heptane [16]). In our previous work
12], it was shown that dense PTMSP membranes with thickness
f 24–30 �m have high ethanol permeability exceeding those of
ommercially silicone-based membranes (MPF-50 and Membrane
). In this work, the development of a composite membranes with
TMSP selective layer onto a commercial poly(acrylonitrile) (PAN)
orous support is investigated. The transport properties of these
embranes are systematically studied including permeation of var-

ous pure solvents (methanol, ethanol, acetone) and the retention
f a negatively charged dye Remazol Brilliant Blue R (MW 626.5).

. Experimental

.1. Chemicals

The following chemicals were used as received: methanol
Chimmed), ethanol (Acros Organics or Chimmed), acetone
Chimmed), chloroform (Chimmed), cyclohexane (Fluka) and
emazol Brilliant Blue R (Acros Organics).

.2. Membrane preparation

To develop composite membranes with thin top-layer, PTMSP
olymer (Fig. 1) with high molecular weight was used (catalytic
ystem: TaCl5/Al(i-Bu)3, [TMSP]o = 0.75 M, [TMSP]/[TaCl5] = 100,
Al(i-Bu)3]/[TaCl5] = 0.3, solvent: toluene, T = 25 ◦C; Mw = 2,000,000,

w/Mn = 3.7; [�] = 6.0 dl/g, � = 0.789 g/cm3; cis/trans ratio: 45/55).
he PAN porous support (HV-II, MWCO 50 kDa; kindly supplied
y GKSS) has good solvent stability [17] and has already been
sed for OSN membranes [3,4,18–23]. It was previously reported
24] that dense PTMSP membranes (catalyst: TaCl5) simultane-
usly possess higher gas permeability, selectivity and free volume
raction in the following order of the casting solvents: cyclohex-
ne > toluene > THF. Therefore, cyclohexane was used as a casting
olvent for PTMSP.
Prior to PTMSP casting, all dusts were removed from the sur-
ace of PAN-support, fixed with tape on glass plate (20 cm × 35 cm),
y air stream. After membrane casting at ambient conditions
see details in Table 1), the glass plate with fixed composite

embrane was placed in fume hood to complete solvent evapo-

able 1
asting conditions of PTMSP/PAN composite membrane.

embrane sample Casting conditions

CPTMSP (wt%) Casting knife (mm) Number of layers

TMSP-1 1.0 0.20 1
TMSP-2 0.7 0.20 1
TMSP-3 0.5 0.20 1
TMSP-4 0.3 0.20 1
Fig. 2. Scheme of dead-end nanofiltration cell used in this study (stirring bars are
not presented here): (a) “standard” membrane sealing with O-rings, (b) optimized
membrane sealing.

ration. Then, the PTMSP/PAN membrane was taken off the plate
and was stored in corresponding solvent (methanol, ethanol or
acetone) prior to the filtration testing. Four membrane coupons
were cut from the same PTMSP/PAN composite membrane sam-
ple and placed into the permeation cells in swollen state for
the permeation experiments. Besides, dense PTMSP-membranes
(catalytic system: TaCl5/Al(i-Bu)3 or NbCl5 [12]) were cast from
1 wt.% cyclohexane solution onto cellophane. Before the fil-
tration, all dense membranes (TaCl5/Al(i-Bu)3) were soaked in
ethanol overnight at room temperature and atmospheric pres-
sure.

2.3. The filtration set-up

Testing of PTMSP/PAN composite membranes and dense sam-
ples was carried out in two dead-end filtration cells. Fig. 2 shows
the schemes of the initial dead-end cell (3.32 × 10−3 m2) and after
membrane sealing optimization (1.96 × 10−3 m2). All cells were
equipped with magnetic stirring bar to minimize the concentra-
tion polarization. Helium was used to pressurize the liquid above
the membrane [12]. The permeate collector was arranged in such a
way to minimize the evaporation of ethanol during testing. All filtra-
tion experiments were carried out at 23 ± 2 ◦C and trans-membrane
pressure up to 20 bar. All reported results are averages obtained
using at least two different membrane samples. The maximum
difference in the permeability of the samples cast at the same con-
ditions was less than 15%.

2.4. Retention studies

For retention experiments the negatively charged dye Remazol
Brilliant Blue R (MW 626.5) was used due to absence any specific
interaction with PTMSP material [12]. The feed dye solution concen-
tration was 15 mg/l. The dye concentration analysis was performed

using UV–vis spectrophotometer Spekol 11 (�max = 582 nm). For
methanol, ethanol and acetone dye solutions, the calibration line
was linear in the concentration range of 0–54 mg/l. The dye reten-
tion values by the membranes were calculated using the following
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quation:

(%) =
(

1 − Cip

Cif

)
· 100% (1)

here Cip, Cif is the dye concentration (g/g) in the permeate and the
eed, respectively. For every simple experiment the dye concentra-
ion in the feed was recalculated with respect to mass balance and
nitial dye concentration; these calculations were verified by exper-
mental measurements of the dye concentration in the feed before

nd after the filtration. During the dead end filtration experiments,
he dye concentration in the feed was increased up to 35% in com-
arison to the initial value. The maximum difference in retention
f PTMSP/PAN composite membrane cast at same conditions was

ess than 4%.

Fig. 3. Membranes cross-section
ne Science 333 (2009) 88–93

2.5. Swelling experiments

Dense PTMSP membrane samples with diameter of 50 mm and
thickness of 100 �m were used for the swelling experiments in
various solvents. Soaking in methanol, ethanol and acetone was car-
ried out for 2 days where swelling equilibrium was reached. After
removal of excess solvent from the membrane surface, the mem-
brane size and weight were measured. The swelling degree, SD, was
calculated using the following equation:

SD = ds · r2
s − d0 · r2

0 (2)

d0 · r2

0

where d0, ds is thickness of initial and swollen membrane, respec-
tively [m]; r0, rs is radius of initial and swollen membrane,
respectively [m].

visualized by SEM analysis.
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Table 2
Estimation of dry thickness of PTMSP-layer in composite membranes.

PTMSP sample Estimated PTMSP-layer thickness (�m)

SEM Ethanol permeability

PTMSP-1 1.6 ± 0.1 1.1 ± 0.2
PTMSP-2 1.1 ± 0.1 0.8 ± 0.2
PTMSP-3 0.9 ± 0.1 0.6 ± 0.1
PTMSP-4 0.7 ± 0.1 0.5 ± 0.1

F
(

2

E
5
w

3

3
m

o
a

f
t
u
F
c
(

m
i

Table 3
Nanofiltration characteristics of PTMSP/PAN composite membranes.

PTMSP sample PTMSP layer
thickness

Ethanol permeabilitya

(kg/(m2 h bar)) (Retentiona, %)

5 ± 1 bar 10 ± 1 bar 20 ± 1 bar

PTMSP-1b 1.6 – 3.8 (2) –
PTMSP-1 1.6 2.0 (94) 2.0 (–) 2.0 (–)
PTMSP-2 1.1 2.8 (92) – –
PTMSP-3 0.9 3.8 (90) 3.6 (–) 2.9 (–)
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ig. 4. Time stability test: ethanol permeability at trans-membrane pressure of 5 bar
samples: PTMSP-8, PTMSP-9 and PTMSP-10).

.6. SEM visualization

The membrane morphology was characterized by Scanning
lectron Microscopy (SEM, Microscope Jeol JSM-5600LV, at
–15 kV). The samples were broken in liquid nitrogen and sputtered
ith gold under vacuum for 300 s at a current of 15 mA.

. Results and discussions

.1. Estimation of PTMSP-layer thickness in the composite
embranes

Table 2 presents estimation of the thickness of the PTMSP-layer
f the composite membranes based on two methods: (i) SEM visu-
lization and (ii) normalized ethanol permeability.

In the first method, the PTMSP layer thickness was estimated
rom the membrane cross-section obtained by SEM (see Fig. 3a–d;
he “cracks” in this images are due to sample breaking in liq-
id nitrogen). In contrast to dense samples of PTMSP (TaCl5/TIBA;
ig. 4e), the PTMSP with higher cis-fraction of macromolecular

hains (NbCl5; cis/trans ratio: 63/37) have “uniform” morphology
Fig. 3f) in agreement to the literature [25,26].

In the second method, the top-layer thickness of the composite
embranes was recalculated from their ethanol permeabil-

ty by using an average of normalized ethanol permeability,

able 4
omparison of nanofiltration characteristics (solvent permeability [P, kg/(m2 h bar)] and so
SN-membranes [30].

embranes Pmethanol (kg/(m2 h bar)) RS1 (%) RS2 (%) Pethanol (kg/(m2 h

esal-5-DK 0.4 99 – 0.2
PF-44 1.5 93 – 1.1
PF-50 2.0 97 – 0.9

olSep-169 38.0 72 – 25.2
TMSP/PAN 6.1 – 90 3.8

1: Erythrosine B (MW 880; negative charged); S2: Remazol Brilliant Blue R (MW 626.5;
PTMSP-4 0.7 4.6 (79) – –

a Average values of at least two different membrane samples.
b Standard O-ring sealing.

2.1 × 10−6 kg m/(m2 h bar), through three different dense PTMSP
membranes (TaCl5/TIBA) with thickness of 21 ± 1 �m. For these
estimations, we assumed a linear relationship between solvent
transport across the membrane and selective layer thickness and
that pore intrusion does not affect the ethanol transport through
PTMSP. Table 2 shows that the top-layer thickness for the mem-
branes estimated from ethanol permeability agrees well that
estimated via SEM suggesting that probably PTMSP intrusion in the
PAN is very small.

3.2. Nanofiltration performance of PTMSP/PAN composite
membranes

During initial optimization experiments it was found that rela-
tively high polymer concentration (at least 4.1 wt.% or higher) leads
to delaminating of PTMSP-layer from PAN-support when the mem-
brane is soaked in ethanol. The dense PTMSP membranes swell
in ethanol about 63 ± 4%, whereas the swelling of PAN-support
is almost negligible in this solvent. It seems that due to high
PTMSP-solution viscosity at high polymer concentration there is
not sufficient pore intrusion of polymeric solution into the sup-
port to achieve integration between PTMSP layer and PAN-support.
Further decreasing of PTMSP concentration to 2.4 wt.% or lower
increases pore intrusion. Then, the produced membranes do not
delaminate in ethanol, methanol and acetone.

Initially, PTMSP/PAN composite membranes were tested in
the dead-end filtration cell with “standard” sealing, where the
O-ring is in direct contact to the membrane. In these exper-
iments the membranes had extremely low dye retention (see
PTMSP-1b in Table 3). Careful inspection of the membranes after
filtration reveals blue spots or even a circle on the top of the
PAN-support. Those are mainly observed in the area where seal-
ing O-ring contacts the membrane (see Fig. 2a). It seems that
the O-ring damages the PTMSP layer causing leakage through the
membrane. At the same time, this problem did not arise for the
PTMSP dense membranes due to its high thickness [12] and for the
PDMS/PAN composite membranes (top-layer thickness of 2 �m)

due to its high cross-linking degree and sufficient pore intrusion
[3–4,7].

In the literature, lower retention than expected has also been
reported for commercial membranes STARMEM (dead-end cell
with O-rings) [27]. The authors there attributed the low retention to

lute rejection [R, %]): PTMSP/PAN composite membranes (this work) and commercial

bar)) RS1 (%) RS2 (%) Pacetone (kg/(m2 h bar)) RS1 (%) RS2 (%)

79 – – – –
92 – 0.6 84 –
92 – 1.7 93 –
86 – 31.6 91 –

– 90 13.6 – 85

negative charged).
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Table 5
Solvent viscosities, molar volume and experimental data for swelling degree of PTMSP membranes.

Solvent Solvent properties Membrane–solvent interaction

Dynamic viscosity of solvent � (cP) Kinematic viscosity of solvent � (St) Molar volume Vm (cm3/mol) Sorption (mol/mol) Swelling SD

M 40.4 2.2 ± 0.1 0.42 ± 0.04
E 58.4 2.4 ± 0.1 0.63 ± 0.04
A 73.3 1.4 ± 0.1 0.53 ± 0.04
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Table 6
Correlations between solvent permeability P* [l/(m2 h bar)] and the macroscopic
properties of the solvents and polymer–solvent interaction.

Parameter Methanol Ethanol Acetone R2

P* 7.7 4.8 17.2 –
P*/SD 18.4 7.7 32.4 0.0387
P* � 4.2 5.2 5.2 0.9728
P* � 52.7 65.9 65.2 0.9726
P* �/Vm 0.10 0.09 0.07 0.9842
ethanol 0.54 6.83
thanol 1.08 13.69
cetone 0.30 3.79

a leak flux” defects in the membrane (including the case of possible
embrane damaging by O-ring) or around the sealing.

To avoid damaging the thin PTMSP layer during testing, the
ead-end filtration cells were optimized by introducing two
dditional rings (stainless steel and cross-linked silicone rubber
aterial; see Fig. 2b). An O-ring is still used for sealing but the

orce on the membrane is distributed on much bigger membrane
rea in comparison with “standard” sealing. These cross-linked sili-
one rubber rings prevent membrane damage even at high pressure
ithout any effect on the membrane permeation; after soaking

hem in 100 ml of ethanol dye solution for 6 h there was no signifi-
ant dye adsorption. Further testing of membranes was carried out
ith this optimized sealing. Table 3 shows that the average value of

ye retention for samples of PTMSP-1, PTMSP-2 and PTMSP-3 is 94,
2 and 90% at 5 bar, respectively, which is comparable with that of
ense PTMSP-membranes (∼94%) [12]. It seems that the optimized
ealing allows us to characterize high permeable OSN-membranes
ithout damaging during the operation. Further decrease of the

olymer casting solution concentration to 0.3 g/l (PTMSP-4) leads
o lower retention (R = 79%) probably due to membrane defects
low top-layer thickness). It seems that the optimal casting con-
itions are: polymer concentration of 0.5 g/l, with casting knife is
.20 mm. The obtained membranes have ethanol permeability of
bout 3.8 kg/(m2 h bar) and dye retention 90% at 5 bar (see PTMSP-4
n Table 2).

The PTMSP-3 membranes with selective layer thickness of
.9 �m suffer reversible compaction when the applied pressure

ncreases from 5 to 20 bar and then decreases back to 5 bar, while
he PTMSP-1 thicker membrane (top layer thickness 1.6 �m) shows
o compaction (see Table 3). Perhaps the “bulk” membrane proper-
ies (e.g. mechanical stability) may not be completely realized in the
ery thin selective layer of PTMSP-3 due to possible derivation in
he macromolecules packaging, which may easily take place in the
oundary region of the membrane. Membrane compaction often
ccurs and is widely reported in the literature (tailor-made cross-

inked polyurethanes (selective layer: 3.0 �m) [23] or cross-linked
ilicone rubber (MPF-50; selective layer: 0.1 �m) [28]).

Fig. 4 presents pure ethanol permeability for the PTMSP-1,
TMSP-2 and PTMSP-3 at 5 bar for filtration up to 200 h show-

ng that these membranes show quite good stability with slight
ecrease of ethanol transport during the testing period. Thin PTMSP
embranes show accelerating physical aging in gas permeation

esting [29] – nitrogen and helium permeability through 1 �m
embrane decline about 4 times after 200 h of testing, while thick

TMSP sample (85 �m) possesses stable permeability of these two
ases [29]. In OSN no such decline is observed for the PTMSP/PAN
omposites with top-layer thickness of about 1 �m.

.3. Transport of pure solvents through PTMSP/PAN composite
embranes

Besides ethanol, the optimized PTMSP/PAN composite mem-

ranes (PTMSP-3) were tested in methanol and acetone, too.
able 4 compares the solvent permeability and dye retention of
TMSP/PAN with various commercial NF polymeric membranes
hydrophilic and hydrophobic) in methanol, ethanol and acetone
30] (to recalculate the permeability in kg/(m2 h bar) from [30],
P* �/Vm 1.3 1.1 0.9 0.9844
P* �/SD 9.9 8.3 9.7 0.9949
P* �/SD 125.4 104.6 123.0 0.9950

methanol, ethanol and acetone densities were used as 0.791, 0.789
and 0.791 g/cm3, respectively). The data for PTMSP/PAN mem-
branes are average values of at least two different membrane
samples. To minimize concentration polarization effects all exper-
iments were done at the trans-membrane pressure of 5 bar.

Table 4 shows that the methanol, ethanol or acetone permeabil-
ity through PTMSP/PAN membranes significantly exceeds those of
Desal-5-DK, MPF-44 and MPF-50 membranes, whereas SolSep-169
membranes seem to be the most permeable for these solvents. All
membranes possess rather high rejection of two negatively charged
dyes with different molecular weights – Remazol Brilliant Blue R
(MW 626.5; PTMSP/PAN) and Erythrosine B (MW 880; Desal-5-DK,
MPF-44, MPF-50 and SolSep-169).

In our previous work [12], it was shown that the solution-
diffusion model cannot fully describe the ethanol transport through
dense PTMSP membranes. It should be mentioned that gas
transport through PTMSP has already been considered to be in
“the transition region” between the pore-flow and the solution-
diffusion [31]. Besides transport through the polymer, flow may
take place through free-volume elements (“pores”) with diameter
of 5–10 Å. In fact; WAXS analysis shows that PTMSP samples swollen
in ethanol possess some nanoscale order (d = 8.2 Å; 2� = 10.6◦) very
close to that for glassy PTMSP in the dry state (9.0 Å; 2� = 9.8◦) [12].

To get some insight into the solvent transport mechanism, sol-
vent permeability was normalized with various relevant solvent
properties (dynamic, �, or kinematic, �, viscosities and molar vol-
ume Vm) as well as with the swelling degree (SD) of PTMSP in the
solvent (see Table 5). Similar approach has already been used in
the literature to describe the transport through various OSN mem-
branes (MPF-50 [32] and PDMS/PAN [3,4]). Table 6 presents the
normalization of permeability and the R2 value obtained when
the solvent permeability P is plotted as a function of relevant
parameter. It seems that both solvent viscosity (no difference in
main conclusion if one uses dynamic or kinematic viscosity due to
comparable solvent density values) and membrane swelling affect
solvent transport. Nevertheless, the solvent viscosity seems to be
the most critical factor for the specific solvents.

4. Conclusions
In this study, composite PTMSP/PAN membranes with different
top-layer thickness were prepared by casting PTMSP solution on
PAN porous support. The methanol, ethanol or acetone permeability
through optimized PTMSP/PAN composite membrane (top-layer of
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bout 0.9 �m) significantly exceeds those of some commercial NF
embranes (Desal-5-DK, MPF-44 and MPF-50), while the devel-

ped membranes have quite high retention (85–90%) of negative
harged dye (MW 626.5). These membranes have quite good sta-
ility with slight decrease of ethanol transport during operation
eriod of at least 80–230 h.

For the specific solvents studied here, it seems that the solvent
iscosity is the dominant factor affecting the transport through the
TMSP/PAN membranes although the membrane swelling in the
olvent is important, too. The transport of various other solvents
hrough these membranes will be aim of future work.
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Nomenclature

Cif dye concentration in the feed (g/g)
Cip dye concentration in the permeate (g/g)
d membrane thickness (m)
d0 thickness of initial membrane (m)
ds thickness of swollen membrane (m)
J flux through membrane (kg/m2 h)
MW molecular weight (g/mol)
MWCO molecular weight cut-off (g/mol)
p pressure (bar)
P permeability (kg/(m2 h bar))
P* permeability (l/(m2 h bar))
r0 radius of initial membrane (m)
rs radius of swollen membrane (m)
R membrane retention (%)
SD swelling degree
T temperature (K)
Tg glass-transition temperature (K)
Vm molar volume (cm3/mol)
�max wavelength with maximum absorbance (nm)
[�] intrinsic viscosity in toluene at 25 ◦C (dl/g)
� dynamic viscosity (cP)
� kinematic viscosity (St)
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