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In this study, we discuss a new membrane formation route for preparing sulfonated polysulfone desa-
lination membranes by solvent-free melt processing. Single-layer membranes composed of a 20 mol%
disulfonated poly(arylene ether sulfone) random copolymer (BPS-20K) and poly(ethylene glycol) (PEG)
plasticizers were successfully prepared by using melt extrusion. The chemical integrity of the compo-
nents in the BPS-20K/PEG membranes was maintained after the extrusion process, as confirmed by 'H

NMR and FT-IR analysis. Although some of the films appeared opaque after extrusion, this was found to
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be due to surface roughness. Other factors that might lead to film opacity, such as phase separation,
crystallization, or micro-voids, were not found.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Most ionomer membranes used for water purification [1—3] and
power generation [4,5], are prepared by solution processing using
large volumes of toxic solvents [1,6]. For example, currently widely
used reverse osmosis desalination membranes, i.e., polyamide (PA)
thin film composite membranes, are obtained at a solvent/water
interface via interfacial polymerization [1,2]. Such conventional
polymer membrane formation methods are environmentally un-
friendly, and the cost associated with waste disposal is high. There
is a clear need to prepare ionomer membranes in a more envi-
ronmentally and cost effective manner.
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Sulfonated aromatic hydrocarbons have been studied exten-
sively as membrane materials for such future energy applications as
fuel cells, reverse electrodialysis, and redox flow batteries. They are
competitive with existing commercial perfluorosulfonated polymer
membranes (e.g., Nafion®) due to their low cost, simple chemistry,
and excellent physical properties. In particular, sulfonated poly-
sulfones have been investigated as candidate materials for reverse
osmosis desalination [7—11] and fuel cell applications [5,12—16]
because of their excellent thermal and mechanical stabilities, as
well as good selective ion transport properties [5,7—16]. Further-
more, sulfonated polysulfone membranes may be prepared by
solvent-free melt processing with an adequate plasticizer [17—24].
In principle, the glass transition temperature (Tg) and viscosity of
sulfonated polysulfone are high because of the presence of sulfo-
nate groups in the polymer matrix [10,25], and, thus, the melt
processing of sulfonated polysulfones is difficult [26,27]. However,
a suitable plasticizer, for instance poly(ethylene glycol), has been
explored to lower the T and viscosity of sulfonated polysulfones
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and thus enable the melt processing of such materials
[17,18,23,24,28]. After melt processing, the plasticizer can be
removed by water extraction before use [28,29]. In this research, we
study this new membrane formation path to prepare sulfonated
polysulfone desalination membranes by solvent-free melt
processing.

Earlier, Bebin et al. explored the possibility of extruding proton
exchange membranes for fuel cell applications (PEMFC) using post-
sulfonated polysulfone [23,24]. Several properties, such as proton
conductivity and life span of extruded membranes, were reported;
the extruded membranes showed decreased proton conductivity
but increased life span compared to those of solution processed
membranes. In addition, Sanchez et al. also prepared post-
sulfonated polysulfone membranes for PEMFC applications by
extrusion [19—21,30,31], investigated several candidate plasticizers
for sulfonated polysulfones, and evaluated their rheological prop-
erties. However, previous work mainly focused on fuel cell appli-
cations, and to date no investigation has addressed the potential
formation of desalination membranes by melt extrusion.

Additionally, the currently widely used membranes—i.e., poly-
amide (PA) membrane—for desalination have a thin film composite
structure [1,6], and similar composite structures may be obtained
by employing a coextrusion process with proper support layer
materials [32—34]. The thin film composite structure consists of a
very thin, selective layer (in this work, sulfonated polysulfone), and
a porous support layer. The thin selective layer offers high selec-
tivity of salt, and the porous support layer provides mechanical
stability while preserving high water flux. Polypropylene (PP) could
be used as a candidate support material to form a composite
structure, since desirable porosity in PP can be achieved by various
methods, including post-coextrusion stretching [32,35,36].

In this work, disulfonated poly(arylene ether sulfone)s (BPS)
random copolymers have been explored for desalination mem-
brane materials, and poly(ethylene glycol), PEG, oligomers were
selected as plasticizers to enable melt extrusion of the BPS poly-
mers. In previous studies, we reported the effect of PEG oligomers
on the T and viscosity of BPS/PEG blends and found the potential
compositions of BPS/PEG blends that were rheologically matched
with PP to form a composite structure [17,18]. Using this informa-
tion, single layer films of BPS-20K/PEG blends were prepared.

Thin films of 20 mol% disulfonated poly(arylene ether sulfone)
random copolymer (BPS-20K)/PEG blends with uniform thickness
(20—40 pm) were produced by melt extrusion. It was of interest to
determine whether chemical structure and morphologies of
extruded films are comparable to those of solution cast films. The
molecular structure and composition (i.e.,, PEG My, and concen-
tration) in the extruded films were examined using Proton Nuclear
Magnetic Resonance ('H NMR) and Fourier Transform Infrared
Spectroscopy (FT-IR) analysis to detect any thermal degradation
during melt extrusion. Some extruded films were rather opaque
compared to transparent solution cast films, and the origin of this
opaqueness was investigated. The factors leading to film opacity
such as micro-voids, phase separation, or excessive crystallization
were examined with Scanning Electron Microscopy (SEM), gas
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permeability measurements, and Differential Scanning Calorimetry
(DSC). While the focus of this study is membrane formation, sub-
sequent papers will report the PEG extraction kinetics from the
extruded BPS-20K/PEG films, as well as the water and salt transport
properties of the resulting pure BPS-20K membranes.

2. Materials And Experimental
2.1. Materials

2.1.1. Polymer: 20 mol% disulfonated poly(arylene ether sulfone)
(BPS-20K)

Fig. 1 shows the chemical structure of the disulfonated poly(-
arylene ether sulfone) random copolymer (BPS) used in this study.
BPS polymers were synthesized directly from sulfonated mono-
mers as established by McGrath and others [9,10,17,37—39].
Nomenclature for this polymer is BPS-XY, where X is the molar
percentage (mol%) of disulfonated monomer and Y indicates the
cation forms in sulfonated groups, either H (acid form) or K (po-
tassium form). For example, BPS-20K is in K (potassium) sulfonated
form containing 20 mol% of sulfonated polysulfone segments and
80 mol% of non-sulfonated polysulfone segments.

The 20 mol% disulfonated poly(arylene ether sulfone) random
copolymer, BPS-20K, has an ion exchange capacity (IEC) of 0.92
meq/g and was selected for its thermal and mechanical stability, as
well as its selective ion transport properties [7,10,11,17]. BPS-20K
polymer synthesized by Akron Polymer Systems (Akron, OH) was
used as received. Table 1 provides the characteristics of the BPS-
20K polymer.

2.1.2. Plasticizer: Poly(ethylene glycol) 200—400 g/mol

Poly(ethylene glycol), PEG, oligomers with molecular weight
(Mp) ranging between 200 g/mol and 400 g/mol were used as
plasticizers for BPS-20K polymer [17,18]. Glass transition temper-
atures (Tg) and melting points (Ty,) of PEG oligomers are summa-
rized in Table 2. PEG concentration (wt%) in the melt extruded
membranes ranged between 20 wt% and 30 wt%. The PEG oligo-
mers were purchased from Sigma Aldrich (St. Louis, MO) and were
used as received. Product information is as follows: PEG 200 Cat#
P3015, PEG 300 Cat# 202371, and PEG 400 Cat# 202398.

2.2. Experimental

2.2.1. Sample preparation

2.2.1.1. Melt extrusion. Single layer, extruded films of BPS-20K/PEG
blends were prepared by a 5 ml twin screw micro-compounder
with an attached heated film die (width = 65 mm) and film take-
up system (DSM Xplore, The Netherlands). The desired amount of
BPS-20K and PEG were weighed and carefully mixed before feeding
to the micro-compounder. The micro-compounder was operated
under an extra dry nitrogen atmosphere (99.9%, Matheson Tri-Gas,
Austin, TX) to prevent polymer degradation. The processing tem-
perature was selected to be 50—100 °C higher than the blend Ty and
lower than the degradation temperature, Ty, as reported previously
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Fig. 1. Chemical structure of 20 mol% disulfonated poly(arylene ether sulfone) random copolymer (BPS-20K).
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Table 1
Properties of the BPS-20K polymer used in this study.

Material Mw? \% Ty
[g/mol] [mL/g] [°cl
29,700 41.7 256

2 Determined by SEC using NMP with 0.05 M LiBr at 50 °C. Note that specific
refractive index increment (dn/dc) values were measured using an assumption of

100% mass recovery. dn/dc values for BPS-20K polymers in this study are 0.17 [mL/g].
> Measured by DSC at 20 °C/min.

BPS-20K

Table 2
Glass transition temperatures (T;) and melting points (Tr,,) of PEG oligomers.
Material Average Ty s
M, [g/mol] [°ql [°C]
PEG 200 200 -83 —
PEG 300 300 -76 -15
PEG 400 400 -72 2

@ Measured by DSC at 20 °C/min, Table 2 from Ref. [17].

[17,18,28]. The processing temperature was in the range of
220-250 °C, depending on the blend compositions. More details
can be found in previous reports [17,18,28].

2.2.1.2. Solution casting method. A solution casting method was
used to prepare thin (30—40 pm), freestanding BPS-20K films. BPS-
20K polymer was dissolved in N,N-dimethylacetamide (DMAc,
Sigma Aldrich, Cat# 39940) to prepare a 10 wt% polymer solution.
This solution was cast onto a glass plate, and the solvent (DMACc)
was evaporated by keeping it in an oven at 60 °C for 24 h and then
in a vacuum oven at 120 °C for an additional 48 h. Residual solvent
was further removed by soaking it for 24 h in deionized (DI) water
[9,17]. Afterwards, peeled membranes were dried in a vacuum oven
at 110 °C for 24 h.

2.2.2. Film characterization

2.2.2.1. Differential scanning calorimetry (DSC). The glass transition,
T,, temperatures of BPS-20K/PEG films were measured by using
DSC (Q100, TA Instruments, New Castle, DE). A 5 mg polymer
sample was weighed and then sealed in an aluminum pan for
measurement. A DSC thermogram was recorded using a heating
rate of 20 °C/min in temperature ranges between —90 °C and 350 °C
under ultra-high purity nitrogen (UHP 99.999%, Air Gas, Austin, TX).
The T; was reported as the mid-temperature of the heat capacity
step change.

2.222. Fourier  Transform  Infrared  Spectroscopy  (FI-IR).
Attenuated Total Reflection (ATR) FT-IR (Nicolet 6700 FT-IR Spec-
trometer, Thermo Scientificc Waltham, MA) was employed to
examine chemical structural changes in the BPS-20K and BPS-20K/
PEG films. For each sample, 64 spectra at a resolution of 4 cm™!
were collected in air.

2.2.2.3. Proton Nuclear Magnetic Resonance ('H NMR). A Varian
DirectDrive spectrometer (Agilent Technologies, Santa Clara, CA)
operating at 400 MHz was used to record 'H NMR spectra. '"H NMR
spectra were used to characterize chemical structure, degree of
BPS-20K sulfonation, average molecular weights (M), and con-
centration (wt%) of the PEGs in the BPS-20K/PEG films. NMR
samples were prepared by dissolving 20 mg of the films in 2 cm? of
(CD3),S0, dimethyl sulfoxide-D6 (99.9%, Cat# DLM-10, Cambridge
Isotope Laboratories, Andover, MA). 'H NMR data were recorded
with 8 scans, 2 s of relaxation delay, and 20 Hz of spin rate.

2.2.2.4. Scanning Electron Microscopy (SEM). The surface and cross-
sectional morphology of the films were characterized using scan-
ning electron microscopy (SEM, Zeiss ULTRA 55 analytical SEM, Carl
Zeiss AG, Germany). Cross-sectional SEM samples were prepared by
cryo-fracturing the films in liquid nitrogen. A Denton desk V sputter
coater (Denton Vacuum, Moorestown, NJ) was used to coat the
films with 10—20 nm of Au before imaging to ensure sufficient
sample surface conductivity. The SEM was operated at a voltage of
5 kV using an InLens detector.

2.2.3. Pure gas permeability measurement

Pure gas permeabilities of helium (He), Py, and nitrogen (N3),
Py,, were measured by a constant-volume variable-pressure
method [40] at 35 °C and 10 atm with ultra-high purity grade gases
(UHP 99.999%, Air Gas, Austin, TX). Membranes for gas permeation
tests were mounted in a 47 mm HP Filter Holder (Millipore, Bill-
erica, MA). Membranes were masked with a brass sheet (McMaster-
Carr # 9011K4, Atlanta, GA) and sealed with epoxy (Devcon
#145250, Danvers, MA). The area of each sample was measured
using Image] software [41]. The upstream pressure was measured
by a STJE 1000 psig pressure transducer (Honeywell Sensotec, Co-
lumbus, OH), and the downstream pressure was measured by a
Baratron 626A 10 torr capacitance manometer (MKS, Andover, MA).
The downstream pressure was kept below 10 torr by connecting to
a vacuum pump. The gas feed pressure was changed from 2 atm to
18 atm, and National Instruments LabVIEW software was used to
record the data. Permeability values are reported in Barrers, where

10-'°cm3(STP)-cm

1 Barrer = -5~ cmilg

3. Results and discussion

Each melt extruded BPS-20K/PEG film had a uniform thickness
ranging from 20 to 40 um [29]. Table 3 summarizes the composition
of the solvent cast and extruded BPS-20K/PEG films; Fig. 2 provides
the surface and cross-section SEM images for each film.

3.1. Chemical structural characterization of BPS-20K/PEG films

To confirm if melt extrusion of BPS-20K/PEG blends induced any
thermal degradation, we used 'H NMR analysis to determine the
molecular structure, the PEG M, the PEG concentration, and the
BPS sulfonation level of the extruded films, as shown in Table 4 and
Fig. 3. The PEG M, PEG concentration, and the BPS sulfonation level
were calculated using methods reported in the literature [14,17].

The molecular structures and M, of PEGs are unchanged, as
Fig. 3b shows, and no peaks from degradation (e.g., oxygenated
products) are detected. Although all extruded films were analyzed
by 'H NMR, only the BPS-20K/PEG 200 20 wt% film is shown in
Fig. 3, since PEG 200 is the least stable of the PEGs used in this
study. The PEG concentration values determined by 'H NMR are
consistent with the intended PEG amounts in the extruded films,
within the uncertainty of measurements (Fig. 3e).

Since sulfonated groups are susceptible to thermal degradation,
the sulfonation levels (mol%) of BPS in the extruded films were

Table 3
Preparation methods and film compositions of BPS-20K/PEG films used in this study.

Fig.2  Preparation Polymer PEG M, [g/mol] PEG concentration [wt%]
[a] Solution BPS-20K — —
[b] Extrusion BPS-20K  PEG 200 20
[c] Extrusion BPS-20K  PEG 200 30
[d] Extrusion BPS-20K  PEG 300 20
[e] Extrusion BPS-20K  PEG 400 20
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Sample Picture | SEM surface images SEM cross-section images

_[a] BPS-20K Solution cast film

_[c] BPS-20K/PEG 200 30 wt% Extruded film

10 pm

Fig. 2. Sample pictures and SEM surface and cross-section images of [a] solution cast BPS-20K film, and [b]~[e] extruded BPS-20K/PEG films.

verified in order to probe any molecular structural change of BPS- wanted to ensure that the BPS-20K polymer, which we thought
20K during melt extrusion. Lee and others reported that BPS might exhibit a weaker thermal stability because of the presence of
polymers underwent thermal desulfonation at 375—420 °C [22]. PEGs in blends [17], was stable during extrusion. The molecular

The extrusion temperatures employed in this study were much structures of BPS-20K are not changed, as shown in Fig. 3d, and the
lower than the thermal desulfonation temperature. However, we calculated sulfonation levels are in the range between 20 and
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PEG molecular weight, PEG concentration, and sulfonation level of BPS in the extruded BPS-20K/PEG films determined by 'H NMR.

Preparation Polymer PEG M, Intended PEG concentration TH NMR analysis
[g/mol] (W] PEG M, PEG concentration Sulfonation level
[g/mol] [wt%] [mol%]
Extrusion BPS-20K 200 20 220 194 20.8
Extrusion BPS-20K 200 30 230 29.1 214
Extrusion BPS-20K 300 20 300 222 214
Extrusion BPS-20K 400 20 430 22.0 214
b ¢ d d c b
R 1.
A
H H H H H H
[a] d [b] d
148
{120 =
-~
c b i c b
a
S 0 2 S
" U N
I T T
48 44 38 34 4.6 44 36 34
ppm ppm
As-received PEG 200 Extruded BPS-20K/PEG 200 20 wt% film
KO;S, o SOK
| 0
- @ H O~ )<~
[ hx
e f ° ° c 4
[c] b di ach [dl b di a.ch

)10

\ '\

__.JL__J' \J w__,,/v \J'L

3.6 8.4 8,2 BAO 7,8 7.6 7.4 7.2 7.0 6.8
ppm

As-received BPS-20K

86 84 82 80 78 76 74 7.2 7.0 68
ppm

Extruded BPS-20K/PEG 200 20 wt% film

[e] PEG 200
) _}—s
R
BPS-20K
10

e

| | | | |

8 7 6 5 4

ppm

Extruded BPS-20K/PEG 200 20 wt% film

Fig. 3. '"H NMR spectra of [a] as-received PEG 200, [b, d, e] the extruded BPS-20K/PEG 200 20 wt% film, and [c] as-received BPS-20K. The numbers next to each peak are the
integrated ratios of proton peaks.
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22 mol%, indicating thermal stability of the BPS-20K polymer dur-
ing extrusion in this study. Note that the as-received BPS-20K
polymers have sulfonation levels ranging from 20 to 22 mol%.

To complement the 'H NMR analysis, FT-IR was employed to
characterize the chemical structure of the extruded BPS-20K/PEG
films. Fig. 4 shows the FI-IR spectra (4000—600 cm™!) of selected
films. Compared to the spectra of solution cast BPS-20K film, the
extruded BPS-20K/PEG films show increased absorbance at
2700—3000 cm~! and 900—950 cm~! in the presence of PEGs;
these absorption bands are consistent with those of PEG materials
[17]. For the sake of brevity, Fig. 4 shows the FT-IR spectra of only
PEG 200, but the spectra of other PEG materials were similar to that
of PEG 200. Except for the presence of PEG absorbance band, no
significant changes were detected in the FT-IR spectra of extruded
BPS-20K/PEG films.

Based on 'H NMR and FT-IR analysis, the melt extrusion within
the processing temperature range in this study does not change the
chemical structures or compositions of the extruded BPS-20K/PEG
films.

3.2. The origin of opacity in some extruded films

Compared to the transparent BPS-20K solution cast film (Fig. 2a)
of 30—40 pm thickness, two of the extruded films (BPS-20K/PEG
200 20 wt% in Fig. 2b, and BPS-20K/PEG 300 20 wt% in Fig. 2d) are
somewhat opaque when stretched to similar thicknesses. When no
drawing force is applied to the film, the as-extruded films of all
compositions are transparent; however, the whitening effect occurs
when a certain drawing force is applied, and some films become
rather opaque. Thin film opaqueness may occur for several reasons,
such as crystallization (PEG materials are semicrystalline), phase
separation, surface roughness, and/or micro-void formation.

First, to confirm whether phase separation and/or crystallization
underlie the opacity of the extruded films, DSC was run using the
transparent and opaque parts of the same BPS-20K/PEG 200 20 wt%
films as shown in Fig. 5. Note that although all extruded films were
analyzed by DSC, only the BPS-20K/PEG 200 20 wt% film thermo-
grams are shown in Fig. 5, for brevity. Consistent with previous
literature [17,18,22], BPS and PEG materials are miscible, and a
single T; was observed in both thermograms regardless of optical

T T T T

BPS-20K/PEG 400 20 wt Extruded
<

BPS-20K/PEG 300 20wt Extruded
Ve

BPS-20K/PEG 200 30 wt% Extruded
-~

BPS-20K/PEG 200 20 wt% Extruded
£

Absorbance

BPS-20K Solution cast

PEG 200 As it is #
__/\/ﬁ

L

4000 3500 3000 2500 2000 1500 1000

L

Wavenumbers [cm-1]

Fig. 4. FT-IR (ATR mode) spectra of PEG 200 g/mol, solution cast BPS-20K film and
extruded BPS-20K/PEG films. FT-IR spectra have been displaced vertically for easier
viewing. The arrows denote stretching vibrations at 2700—-3000 cm~! (Left) and
900-950 cm~' (Right).

Tg=137°C

Opaque film

Tg=137 °C

Transparent film

Heat Flow [Endo Up] —>

pre b b b berra i
-100 -50 0 50 100 150 200

Temperature [°C]

Fig. 5. Final scan DSC thermograms of opaque and transparent parts of BPS-20K/PEG
200 20 wt% extruded films. The thermograms have been displaced vertically for clarity.
The arrows denote the location of the glass transition temperature (Tg). The samples
were run using a heating rate of 20 °C/min under nitrogen purge.

characteristics, indicating that phase separation is not the cause of
the opacity. These T values are identical in each films (i.e., trans-
parent and opaque films) and are in a range similar to the estimated
T, values using the Fox equation [17]. The broad transition beside
the Ty between —20 °Cand 80 °C s related to the moisture absorbed
by the hygroscopic PEGs, and/or PEG relaxation, as consistent with
previous reports [17,42—48]. The DSC thermograms of other
extruded films also revealed a single Tg, similar to the thermograms
in Fig. 5.

Secondly, to confirm whether the opacity was due to micro-
voids formed during stretching, the surface and cross-sectional
morphology of the extruded BPS-20K/PEG films were character-
ized by scanning electron microscopy (SEM). When an axial
drawing force is applied, some thermoplastics generate micro-
voids in the films [12]. If the voids or clusters of voids have di-
mensions similar to or larger than the wavelength of visible light
(i.e.,, 380—750 nm), the films can appear white or opaque due to
light scattering. Note that, in some cases, this void formation does
not significantly affect the mechanical properties of the films [49].

Because of the difficulties in cryo-fracturing of thin, soft material
films such as ours [50,51], some samples show cracks at the cross-
sectional area; these cracks were introduced during cryo-
fracturing. Also, some images show burn marks induced by the
electron beam, which is also unavoidable for soft materials, as
previously reported [51-53].

The surface and cross-section SEM images are exhibited in Fig. 2.
The surfaces of transparent films, including the solution cast BPS-
20K film (Fig. 2a), extruded BPS-20K/PEG 200 30 wt% film
(Fig. 2¢), and BPS-20K/PEG 400 20 wt% film (Fig. 2e), are smooth
and similar to each other. On the other hand, the surfaces of the
rather opaque films, including the extruded BPS-20K/PEG 200
20 wt% film (Fig. 2b) and BPS-20K/PEG 300 20 wt% film (Fig. 2d), are
rough and qualitatively different from the smooth surface of the
solution cast BPS-20K film. The roughness of these opaque films is
limited to the surface: the cross-section images of these opaque
films are similar to those of transparent films, and no micro-voids
with dimensions of 300—800 nm were detected.

To further confirm whether micro-voids are present across the
films, the gas (N, and He) permeabilities of selected films were
measured and are summarized in Table 5. The pure gas permeation
tests, using a constant-volume variable-pressure method, were
conducted to check for the presence of porosity [40]. Nitrogen (N3)
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Table 5
Gas (N and He) permeability of BPS-20K films prepared by solution casting method and melt extrusion.
Polymer PEG M, PEG Preparation Phe® Py, ® Pe /P,
[g/mol] wt% [Barrer] [Barrer]
BPS-20K — — Solution 7.0+ 0.5 0.087 + 0.007 80
BPS-20K 200 20 PEG was extracted” 7.0 +0.7 0.073 + 0.007 96

@ Measured using a constant-volume variable-pressure method [40]. Py, and Py, values were determined at 35 °C and 10 atm. Permeability reported in Barrers, where 1

10-'°cm?(STP)-cm

Barrer = Cies-cmilg

b The BPS-20K/PEG 200 20 wt% film was prepared by melt extrusion, and PEG 200 was extracted by soaking in the deionized (DI) water at 75 °C for 2 days. The film was then

dried in the vacuum oven for 24 h before measurements.

and helium (He) were selected because N, represents a low
permeability gas (kinetic diameter = 3.64 A, and molecular
weight = 28 g/mol), and He represents a high permeability gas
(kinetic diameter = 2.6 A, and molecular weight = 4 g/mol) [54].
Measurements were taken at five different pressures (2, 6, 10, 14,
and 18 atm) at 35 °C, as shown in Fig. 6, and the permeability values
at 10 atm at 35 °C are reported in Table 5.

PEG molecules were extracted from the extruded BPS-20K/PEG
200 20 wt% films by soaking the films in deionized water at 75 °C
for 2 days; this extruded/extracted film was then used for gas
permeability measurements. (Note that the remaining PEG con-
centration after extracting PEG was less than 0.5 wt% by '"H NMR
analysis [28].) Since PEGs must be extracted from the extruded BPS-
20K/PEG films before their use as desalination membranes for
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further studies, it was of interest to determine whether the PEG
extraction would generate micro-voids in the extruded films. After
PEG extraction, the films that were initially opaque remained so,
and the transparent films were qualitatively unchanged. The opa-
que films maintained their surface roughness, as shown in the SEM
images in Fig. 7. SEM cross-sections of the PEG-extracted film were
free of micro-voids and qualitatively similar to those of solution
cast BPS-20K films (see Fig. 2a).

The gas permeabilities of the extruded/extracted BPS-20K film
are in a range similar to those of the solution cast BPS-20K film,
within the uncertainty of measurements. The permeability values
calculated from individual gas permeation tests at different pres-
sures (2—18 atm) correspond to each other (see Fig. 6). If there were
any micro-voids with dimensions of 300—800 nm, as mentioned
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Fig. 6. Nitrogen (N;) and Helium (He) gas permeability [Barrer] as a function of pressure at 35 °C. [a] Solution cast BPS-20K film. [b] The extruded/extracted BPS-20K film. PEG 200
was extracted from the extruded BPS-20K/PEG 200 20 wt% films by soaking in the deionized (DI) water at 75 °C for 2 days.
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Figure 7. SEM images of surface, and cross-section of the extruded/extracted BPS-20K films. PEG 200 was extracted from the extruded BPS-20K/PEG 200 20 wt% film by soaking in

DI water at 75 °C for 2 days.
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earlier, the gas permeability would not be consistent over the
pressure range.

In general, single gas transport in porous media can be
explained by Knudsen diffusion and viscous flow [55—58]. Knudsen
diffusion occurs when pore radius is comparable to or smaller than
the mean free path of the gas molecules (1) involved. The process is,
then, more governed by collisions with the pore walls than inter-
molecular collisions. Gas transport in the Knudsen regime is
inversely proportional to the square root of the molecular weight of
the gas penetrants; thus, gas selectivity, a4 /g (= Pa/Pp), of Knudsen
diffusion can be expressed as follows:

aap = VMp/\/My

If the He and N; transport across our membranes is in the
Knudsen regime, gas selectivity should be around 3.

When pore radius (r) is much greater than mean free path of the
gas molecules (1) (r» L), viscous flow dominates the gas transport
mechanism. This indicates that gas transport through structural
defects in membranes such as pinholes would be governed by
viscous flow, and the resultant flux should increase proportional to
the increasing upstream pressure applied to the membrane.

However, our results show that He permeability is much higher
than N, permeability (Pge » Py, ), and gas permeability values are
independent of upstream pressure. In addition, the gas selectivity
(Pye/Pn,) values of our films are in the range of 80—96. The gas
permeation results confirm that the extruded/extracted film does
not have micro-voids with dimensions of 300—800 nm.

The results are consistent with the cross-section and surface
morphologies of the extruded films, meaning that the origin of the
opaqueness in two extruded BPS-20K/PEG films is surface rough-
ness, and not phase-separation, crystallization, and/or micro-voids.
Similar observations relating surface topology to opaqueness in
polymer films can be found elsewhere [59—62].

The reason for the surface roughness in two extruded films
(films containing 20 wt% of PEG 200 and 300) is not yet clear, but it
could be due to the evaporation of low molar mass constituents in
low molecular weight PEG material from the film surface during
stretching. Oh et al. previously reported the loss of low molecular
weight species of PEG 200 during the isothermal hold at high
temperatures between 210 °C and 260 °C [17]. They reported that
TH NMR and FI-IR do not exhibit significant changes in chemical
structure of PEG during the isothermal hold, whereas the M, PDI,
and T of PEG increase somewhat with high temperature exposure.
This observation is consistent with the loss of low molecular weight
constituents due to evaporation. Similarly, the low molecular spe-
cies evaporation from the surface of the extruded films containing
low molecular weight PEGs (PEGs 200 and 300) at lower PEG
concentration (PEG 20 wt%) could lead to somewhat higher vis-
cosities of the blends at the surface, resulting in surface roughness
during stretching. On the other hand, low molecular species
evaporation from the surface of the extruded films containing high
molecular weight PEG (i.e., BPS-20K/PEG 400 20 wt%) and higher
PEG concentration (i.e., BPS-20K/PEG 200 30 wt%) may have little
effect on the viscosities of surface blends, resulting in smooth
surfaces.

These extruded BPS/PEG films will be used for further studies,
and subsequent papers will report the PEG extraction kinetics from
the extruded films before their use as desalination membranes, and
the water and salt transport properties of these membranes.

4. Conclusions

In this study, single layer, uniform thickness membranes of BPS-
20K/PEG blends were successfully prepared by solvent-free melt

extrusion. Based on the 'H NMR and FT-IR analysis, melt extrusion
within the processing temperature range in this study does not
change the chemical structures and compositions of the extruded
BPS-20K/PEG films. The chemical structure and cross-sectional
morphologies of extruded films are comparable to those of solu-
tion cast films. Some extruded BPS-20K/PEG 20 wt% films were
rather opaque because of surface roughness. Other factors that
could lead to film opacity, such as phase separation, crystallization,
and micro-voids were not found.
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