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ABSTRACT: Novel composite membranes comprising sulfonated
styrenic Nexar pentablock copolymers were developed by dip-
coating on poly(ether imide) hollow fibers for pervaporation
dehydration of C2—C4 alcohols. The advantages of using block
copolymers as the selective layer are (1) their effectiveness to
synergize the physicochemical properties of different chemical and
structural moieties and (2) tunable nanoscale morphology and
nanostructure via molecular engineering. To achieve high-perform-
ance composite membranes, the effects of coating time, ion exchange
capacity (IEC) of the copolymer, and solvent systems for coating
were investigated. It is revealed that a minimum coating time of 30 s
is needed for the formation of a continuous and less-defective top
layer. A higher IEC value results in a membrane with a higher flux
and lower separation factor because of enhanced hydrophilicity and
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The i show fluxes ing 2 kg/m?-h and ion factors more than 200 for
IPA and n-butanol dehydration from 85/15 wt% alcohol/water feed mixtures at 50 °C.

stretched chain conformation. Moreover, the composite membranes prepared from hexane/ethanol mixtures show higher
separation factors and lower fluxes than those from the hexane solvent owing to microdomain segregation induced by ethanol
and a smooth and dense top selective layer. These hypotheses were verified by atomic force microscopy and positron annihilation
spectroscopy. The newly developed composite membranes demonstrate impressive separation performance with fluxes exceeding
2 kg/m” h and separation factors more than 200 for isopropyl alcohol and n-butanol dehydration from 85/15 wt % alcohol /water

feed mixtures at S0 °C.
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1. INTRODUCTION

Pervaporation is a promising separation technology for
alcohol—water mixtures owing to the advantages of energy
eﬂiciencgr, environmental benignity, and simplicity in oper-
ation.'~® The successful development of suitable membranes is
the cornerstone for a prosperous pervaporation process.
Traditionally, hydrophilic polymers, such as poly(vinyl alcohol)
(PVA), poly(acrylic acid) (PAA), chitosan, and sodium
alginate, have been used to fabricate alcohol dehydration
membranes.””” However, these materials have poor mechanical
stability in water due to excessive swelling, resulting in a
significant decrease in separation efficiency. To circumvent the
swelling issue, cross-linking or blending have often been utilized
as two convenient methods.'!! Nevertheless, cross-linking
modification may not be desirable since it not only reduces the
permeation flux but also introduces an additional treatment
step to the membrane fabrication, which prolongs the
production procedure and increases the cost.

On the other hand, blending polymers may combine the
advantages of different materials. Yoshikawa et al. have studied
the gelatin/Torlon blended membrane for isopropyl alcohol
(IPA) dehydration, and they reported a much enhanced
separation performance than the individual neat mem-
branes.'”'* However, the blending method faces the challenge
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of immiscibility between different polymers, which may cause
phase separation and narrow its applications. To synergize the
strengths of different materials and improve the separation
performance, membrane scientists have tried other approaches
to integrate different components into one membrane, such as
using organic linkers'* or fabricating block copolymers."
Block copolymers are a class of polymers that chemically
embrace different structural and functional moieties into one
polymer. Thus, these copolymers may possess desirable
properties from different structural and functional moieties,
while eliminating the phase separation problem as in many
blended membranes. Because of these unique advantages, block
copolymers have been considered as the dream materials for
membrane fabrication for many years, yet the exploration of
their full potential is by far not enough.'® One of the first block
copolymer membranes was tested for gas permeation by Odani
et al. in 1975."7 Since then the application of block copolymers
has been extended to pervaporation. Boddeker et al. studied a
polyether-block-amide (Pebax) membrane for pervaporation
separation of aqueous phenolic solutions and alcohol solutions.
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Pebax demonstrated good separation efficiency toward organic
solvents.'®'” Recently, Buonomenna et al. investigated a
poly(styrene-b-butadiene-b-styrene) (SBS) membrane for
selective ethanol transport and examined the effect of nanoscale
morphology of the block copolymer on the separation
performance.”® By controlling the nanostructure of the
copolymer membrane, the overall separation performance can
be largely changed. Hence, one can molecularly design the
nanopores and membrane morphology by manipulating the
chemical structure of each block and membrane formation
conditions. This special property offers block copolymers
infinite opportunities in molecular engineering and nanoscale
designing.

Other than organic selective block copolymers, there are also
a few studies on water-selective copolymers. Ray and his co-
workers tested several commercial and self-synthesized block
copolymers for the dehydration or organic compounds, such as
acetic acid, tetrahydrofuran, and so on.”"** However, the report
of using block copolymers for alcohol dehydration is rather
limited.”>** Mandal and Pangarkar employed some acryloni-
trile-based copolymer membranes for 1-methoxy-2-propanol
dehydration and achieved good selectivity toward water.”*
Therefore, the possibility of applying block copolymers for
alcohol dehydration should not be overlooked, and further
research is necessary to explore their huge potentials.

In this study, a sulfonated styrenic pentablock copolymer,
namely, Nexar polymer, is chosen for C2—C4 alcohol
dehydration for its good water transport properties as
demonstrated in other studies.”>*® Therefore, the copolymer
may potentially have a high selectivity and permeability toward
water over alcohols. In addition, different chemical blocks in the
copolymer provide different functions and contribute to the
favorable physicochemical properties of the material: (1) Good
mechanical stability and chain flexibility provided by the two
tert-butylstyrene (BS) end blocks and the two ethylene-co-
propylene (EP) blocks, respectively.”” (2) Formation of water
transport channels owing to the middle sulfonated styrene (SS)
block;*® although the apparent contact angle may be in the
hydrophobic range due to other blocks, these water transport
channels may still be advantageous for the permeability. (3)
Tunable ion exchange capacity (IEC) values depending on the
degree of sulfonation. (4) Designable nanoscale morphology
due to the incompatibility of different blocks in Nexar polymer
that may lead to microdomain segregation under different
solvents and form various nanostructures and morphologies.
Studies have shown that Nexar polymer forms micelles in
selective solvents such as cyclohexane and hexane, while it
forms a lamellar state in some others such as chloroform.”*~>'
Hence, all these properties offer great potential to design high-
performance Nexar membranes for pervaporation applications.

Therefore, we aim to develop novel composite membranes
by coating the Nexar polymer on poly(ether imide) hollow
fiber substrates for alcohol dehydration. First, the effect of
coating time on pervaporation performance of the resultant
membranes is examined. Then, the nanostructures of the block
copolymer are molecularly controlled by applying different
solvent mixtures to achieve a good separation performance.
The morphologies of formed composite membranes are
investigated, and the changes in nanostructures are charac-
terized. Subsequently, the effect of copolymer IEC values on
the surface property of the composite membranes is studied.
Lastly, the newly developed membranes are employed for C2—
C4 alcohol dehydration to demonstrate their capability for
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pervaporation dehydration. This study may provide useful
insights in designing and applying block copolymers for high-
performance pervaporation membranes through molecular
engineering and nanostructure manipulating of the copolymers.

2. EXPERIMENTAL SECTION

2.1. Materials. The Nexar pentablock copolymers with IEC values
of 1.0, 1.5, and 2.0 (milli-equivalents of sulfonic acid per gram of dry
polymer, meq/g) were provided by Kraton Polymers. The chemical
structure is shown in Figure 1. Analytic-grade hexane and ethanol

ethylene-co-
propylene

ethylene-co-
propylene

OH

tert-butyl styrene sulfonated styrene tert-butyl styrene

Figure 1. Chemical structure of the Nexar pentablock copolymer.

supplied by Merck were used to prepare the coating solutions. A
commercial polymer Ultem 1010 supplied by the former GE plastics
was used as the substrate material for the composite membranes. N-
methyl-2-pyrrolidone (NMP) purchased from Merck was utilized as
the solvent for hollow fiber spinning. Analytic-grade IPA and n-butanol
used in the experiments were purchased from Merck.

2.2. Spinning of Hollow Fiber Substrates. Microporous Ultem
hollow fibers were prepared in our lab as the substrate for composite
membranes. A dope solution of Ultem/NMP/ethanol with the weight
ratio of 23/72/S was prepared to obtain a homogeneous mixture. The
solution was then allowed to degas for 1 d before being transferred
into an ISCO syringe pump. The mixture of NMP/n-butanol 95/5
(w/w) was used as the bore fluid to create a delayed demixing at the
inner surface of hollow fibers. The dope solution and bore fluid were
simultaneously extruded out of the spinneret orifice at the flow rates of
S mL/min and 2 mL/min, respectively, and the nascent fiber was led
into a water coagulation tank with an air gap of 5 cm and a take-up
speed of 15 m/min. The collected fibers were immersed in a water
bath for 3 d to remove the residual NMP. Subsequently, the fibers
were cut into pieces of 25 cm in length and solvent exchanged in
methanol followed by hexane three times each and then dried in air for
usage. The detailed spinning procedures were described elsewhere.*>**

2.3. Fabrication of Nexar Copolymer/Ultem Composite
Membranes. To fabricate composite membranes, 2 wt % Nexar
copolymer coating solutions were first prepared by dissolving the
copolymers with IEC values of 1.0, 1.5, and 2.0 in hexane. For some
copolymers with an IEC value of 2.0, hexane/ethanol mixtures were
also used to prepare the 2 wt % coating solutions as shown in Table 1.

Table 1. Fabrication Conditions of Nexar Copolymer/
Ultem® Composite Membranes

copolymer  solvent (wt %) for  copolymer
substrate  IEC value the copolymer ~ conc. (wt %)  coating time
Ultem 2.0 hexane (100) 2 10 s; 30 s;
fiber 1 min;
10 min
hexane/ethanol 2 30s
(80/20)
hexane/ethanol 2 30s
(70/30)
Ultem 1.5 hexane (100) 2 30 s
fiber
Ultem 1.0 hexane (100) 2 30s
fiber
dx.doi.org/10.1021/am503277t | ACS Appl. Mater. Interfaces 2014, 6, 13874—13883
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Before carrying out dip coating on the outer surface of Ultem hollow
fiber substrates, one end of the fibers was sealed by epoxy to prevent
the coating solution flowing into the lumen side. Then, each time one
fiber was vertically dipped into the preprepared solution with the
sealed end heading downward for a designated time at room
temperature. About 20 cm of the fiber was allowed to immerse in
the solution, while the upper end was hung on a strain. Since the fiber
is rigid and straight, there is no additional weight tied to the bottom.
After the coating, the nascent composite membrane was hung up in air
for 1 d under the ambient condition to allow the solvent to evaporate
before usage. It might be a concern that gravity may affect the
thickness of the membrane along the fiber length. This is especially
true for continuous coating or very long hollow fiber substrates.
However, for lab-scale coating in this study, the hollow fiber length is
relatively short (25 cm). The effect of gravity may be negligible. In
addition, because the coating layer is thin (in nanometer range), the
interaction between the copolymer and polymer substrate would
restrict the gravitational flow of top layer. Therefore, the membrane
thickness should be relatively uniform.

2.4. Characterizations. Field emission scanning electron micros-
copy (FESEM JEOL JSM-6700LV) was used to observe the
morphologies of the Ultem hollow fiber substrates as well as the
composite membranes. The FESEM samples were prepared by
fracturing the predried hollow fiber in liquid nitrogen and coated
with platinum using a JEOL JFC-1200 ion sputtering device.

To investigate the changes in the interchain spacing of composite
membranes prepared from different Nexar copolymer IEC values, a
wide-angle X-ray diffraction (GADDS WXRD system, Bruker D8
advanced diffractometer) was performed. The measurement covered a
scan range of 20 = 2.0 to 33.5° with a Ni-filtered Cu Ko radiation at a
wavelength 4 = 1.54 A. The average chain spacing can be interpreted
as d-spacing, which was determined based on Bragg’s law.

nA = 2d sin 6 (1)

where 7 is an integral number (1, 2, 3, ...), 4 is the X-ray wavelength, d
is the dimension spacing, and @ is the diffraction angle. To study the
surface hydrophilicity of membranes from different IEC values, the
water contact angle was measured by a Sigma 701 Tensiometer from
KSV Instruments Limited.

Slow beam positron annihilation spectroscopy (PAS) experiments
were carried out to study the variation in free volume and depth profile
of several predried composite membranes. Doppler broadening energy
spectroscopy (DBES), one of the PAS spectrometers, was used to
qualitatively investigate the free volume differences of the Nexar
copolymer selective layers from different conditions and IEC values. A
variable monoenergy slow positron beam was used to generate the
DBES spectra as a function of positron incident energy (0—30 keV).
An HP Ge detector (EG&G Ortec. with 35% efficiency and energy
resolution of 1.5 at 511 keV peak) was used to collect the spectra data.
One of the characteristic parameters of DBES spectra, namely, the S
parameter, defined as the ratio of the integrated counts at the central
part of the annihilation ¥ photo line to the total counts, was employed
in this study as a qualitative measurement of the free volume in
polymeric membranes.>***

To understand the sorption properties of the Nexar copolymer to
the three alcohols, namely, ethanol, IPA, and butanol, dense Nexar
films were prepared and used for vapor sorption studies. A lab-scale
kinetic sorption setup was utilized to measure the vapor sorption
characteristics. The detailed schematic diagram and procedure can be
found elsewhere.>® The Nexar film samples were dried under vacuum,
weighed by a microbalance, cut into small pieces of about 10 mg, and
hung on a quartz spring in the sorption chamber. The solvent vapor
was then generated from a 2 L liquid vessel by nitrogen at 50 °C. The
evolution of quartz spring length was monitored with the aid of a
Basler camera during sorption tests, and the sorption amount was
calculated by the weight gain as follows:

M, - M,)

sorption(g/g membrane) = v 2)
o 2

where M, and M, are the membrane weights at initial state and
sorption equilibrium, respectively.

The swelling tendency of the Nexar copolymer in three alcohols was
also tested. First, the dense Nexar films were dried under vacuum and
cut into small pieces of about 20 mm in length. Then, one piece of
sample was sandwiched by two glass plates and immersed in one of the
alcohol solutions. The exact membrane lengths before and after
swelling were measured by a caliper. The degree of swelling was
determined by the following equation:

L,—-L
extension% = —>2——1 % 100%

L, (©)

where L, and L, are the lengths of the membrane before and after
swelling, respectively.

2.5. Pervaporation Experiments. The pervaporation setup for
hollow fiber membranes has been depicted in Jiang’s work.>” A 2 L
feed solution of alcohol/water 85/15 wt % mixture was circulated
through the shell side of the hollow fiber with a flow rate of 30 L/h.
The lumen side of the hollow fiber was the permeate side and was
always under vacuum below 2 mbar. The variation of the feed
concentration was less than 1 wt % during the entire experiment and
hence can be considered as constant because of the large feed quantity
compared with the permeate sample. The feed temperature was
controlled at S0 °C with a circulating heating bath. The system was
conditioned for 2 h to ensure that the membrane was stabilized before
collecting the permeate samples, which was condensed in a cold trap
immersed in liquid nitrogen and collected at a time interval of 1 h. The
mass of the collected sample was weighed by a Mettler Toledo
balance. The compositions of the feed and permeate samples were
determined by a Hewlet-Packard GC7890 with an HP-INNOWAX
column (packed with cross-linked polyethylene glycol) and a thermal
conductivity detector (TCD). At least three permeate samples were
collected, and the average pervaporation performance was reported.

Flux (J) and separation factor (a) were calculated by the following
equations:

_Q

J= (4)

Y. /Y,
aw/a =
X, /X, ()

where Q is the total mass that permeates through the effective
membrane area A over the operation time t. Subscripts w and a refer to
the components water and alcohol, while Y and X are the weight
fractions of one component in the permeate and the feed side,
respectively.

The fluxes and separation factors of some membranes were
converted to permeance and selectivity to decouple the effect of
driving force. First, the feed fugacity (f;) was calculated by the
following equation:

f=xp (6)

where x; is the mole fractional of component i in the feed and y; is the
activity coeflicient calculated by the Wilson equation. HYSYS software
(version 8.2) was used during the calculation of the activity
coefficient.*® The saturation pressure P was calculated from the
Antoine equation. According to the solution-diffusion mechanism, the
partial flux (J;) can be written as

Pi sat p
s b it o)
where P, is the membrane permeability, [ is the selective layer
thickness, and the term [P,/I] is known as the permeance. y, is the
mole fraction of component i in the permeate, and PP is the permeate
pressure. The ideal membrane selectivity S is the ratio of the

permeability or permeance of two components.

dx.doi.org/10.1021/am503277t | ACS Appl. Mater. Interfaces 2014, 6, 13874—13883
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3. RESULTS AND DISCUSSION

3.1. Characterization of Nexar Copolymer/Ultem
Composite Membranes. Figure 2 displays the morphology

Inner surface

Outer surface Cross section

Figure 2. FESEM images of the Ultem hollow fiber substrates.

of the as-spun Ultem hollow fiber substrate, which is adopted
from our previous study.” A relatively dense outer layer with
no visible pores is observed under 100 000X magnification. The
cross-section is fully porous with fingerlike macrovoids, and the
inner surface is full of pores. This structure is purposely
designed because the substrate morphology is important in the
formation of composite membranes. The dense outer surface is
to facilitate the deposit of the top selective layer and to prevent
intrusion of the Nexar polymer during coating, while the open-
pore sublayer structure provides low transport resistance and
enhances the permeation rate.

Table 2 presents the dehydration performance of the Ultem
substrate and some Nexar copolymer/Ultem composite
membranes for an 85/15 wt % IPA/water feed mixture. The
Ultem hollow fiber substrate exhibits a high permeation flux of
9.32 kg/m® h but a low separation factor of 2.8. On the other
hand, after coating the Nexar copolymer on top of the
substrate, the composite membranes show much enhanced
separation factors up to 509 with relatively lower permeation
fluxes ranging from 2.06 to 3.32 kg/ m? h. This significant
enhancement in separation factor results from the formation of
a continuous top selective layer by means of a Nexar copolymer
coating. In addition, the high permeate water concentration of
above 98 wt % demonstrates the capability of the copolymer in
dehydrating the IPA/water mixture. What is more, good
adhesion capability or Nexar copolymer is observed when
dealing with the material. It is easily adhered to polymeric
substrates, such as poly(ether imide), polysulfone, poly(ether
sulfone), polyacrylonitrile, and others.”® From the FESEM
image shown in Figure 3, no delamination is observed between
the top selective layer and support layer. This suggests the good
compatibility between the Nexar copolymer and Ultem
substrate.

It is worth noting that the substrate flux is only about 3 times
higher than that of the coated membrane, which reflects some
support resistance of the substrate fibers. This is because the
substrate has a relatively dense outer surface to provide
mechanical strength and prevent intrusion during the

(c) 1 minute coating

(d) 10 minutes coating

Figure 3. Cross-section FESEM images of the composite membranes
prepared from different coating times: (a) 10's, (b) 30 s, (c) 1 min,
and (d) 10 min.

deposition of coating layer. Thus, it has some transport
resistance. Nonetheless, the formed composite membranes
show excellent fluxes as compared to most polymeric
membranes in the literature.

For the performance assessment of pervaporation mem-
branes, both terms of flux-separation factor and permeance
selectivity can be utilized as shown in Section 2.5. The former is
typically to express the operational performance of membranes,
while the latter is used to show their intrinsic transport
properties. Permeance is calculated from flux according to eqs 6
and 7, where the effects of driving force and operational
conditions are eliminated. Selectivity is the ratio of the
permeance of the two permeating components. In Table 2,
since all the fibers were tested under the same operational
conditions, the driving force across the membrane was not
changed, and hence flux-separation factor can be used for easy
comparison with literature data.

3.2. Effect of Coating Time on the Pervaporation
Performance. To form a thin selective layer on the hollow
fiber substrate via dip coating, the coating conditions play an
important role on the morphology and final separation
performance of the resultant composite membranes. These
conditions include coating time, solution temperature, solution
concentration, etc. Among them, coating time is one of the
most direct parameters that affects the top layer formation.*’
Thus, its effect on pervaporation performance of the resultant
membranes is investigated.

Table 2. IPA Dehydration Performance of the Ultem® Hollow Fiber Substrate and Composite Membranes Prepared from

. . . b
Various Coating Time®

membrane copolymer IEC value solvent coating time
Ultem fiber
Nexar/Ultem 2.0 hexane 10 s
Nexar/Ultem 2.0 hexane 30s
Nexar/Ultem 2.0 hexane 1 min
Nexar/Ultem 2.0 hexane 10 min

flux (kg/m* h) permeate water conc. (wt %) separation factor

9.32 33.0 2.8
3.32 85.4 33
2.74 92.9 74
2.53 98.1 293
2.06 98.9 509

“Feed: 85/15 wt % IPA/water. “Operation temperature: 50 °C; downstream pressure: 1 mbar.
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Table 3. IPA Dehydration Performance of the Composite Membranes Prepared from Different Solvents®?

membrane copolymer IEC value solvent (wt %)
Nexar/Ultem 2.0 hexane
Nexar/Ultem 2.0 hexane/ethanol (80/20)
Nexar/Ultem 2.0 hexane/ethanol (70/30)

coating time

flux (kg/m*h)  permeate water conc. (wt %)  separation factor

2.74 92.9 74
2.35 98.9 509
2.35 98.5 372

“Feed: 85/15 wt % IPA/water. bOperation temperature: 50 °C; downstream pressure: 1 mbar.

As tabulated in Table 2, when the coating time of the Ultem
substrate in the Nexar solution is 10 s, the permeate water
concentration of the resultant membrane is only 854 wt %.
This is because either the selective layer is too thin or it cannot
cover the whole substrate surface during this short coating
period. Too thin a selective layer is susceptible to damage and
swelling, while a defective top layer could not achieve good
separation performance. Therefore, a minimum coating time of
30 s is needed to form a continuous and less defective top
selective layer in this case. With the increase of coating time
from 10 s to 10 min, the permeation flux decreases, while the
separation factor increases. These changes are reasonable since
a longer immersion time would facilitate a higher amount of the
copolymer being deposited on the substrate, resulting in a
thicker Nexar copolymer layer. As displayed in Figure 3, the top
selective layer for the composite membrane is increased with
increasing coating duration. The estimated selective layer
thicknesses for the four conditions are 100, 128, 186, and 280
nm, respectively. Thus, the separation factor is improved, while
the permeation flux is sacrificed correspondingly. The change in
separation factor is mainly contributed by the increased
thickness in selective layer. A higher thickness would result in
a more tortuous path for the permeate molecules. Since IPA has
a larger size than water, the tortuosity will have a larger effect
on IPA permeance. Overall, an optimal coating time range of 30
s to 10 min is recommended.

From Table 2, a coating time of 1 min is the optimal
condition and shows the best combined performance.
However, other than searching for the best performance, this
study also investigates other factors affecting the morphology
and formation of the copolymer layer. A coating time of 30 s is
chosen in the following sections to magnify the performance
difference for membranes prepared from different conditions.

3.3. Effect of Mixed Solvents for Nexar Copolymer on
the Pervaporation Performance. Since the Nexar penta-
block copolymer is comprised of hydrophobic and hydrophilic
segments, it may form different microdomain segregations
under different solvents. In this work, three different solvent
systems, namely, (a) hexane, (b) hexane/ethanol 80/20 wt/wt
mixture, and (c) hexane/ethanol 70/30 wt/wt mixture, were
used to investigate the microstructure alterations in the
copolymer. The highest ethanol content of 30 wt % was
chosen in the mixed solvent because of solubility limitation of
the copolymer.

Table 3 lists the IPA dehydration performance of the
composite membranes prepared from different solvents. With
ethanol addition in the solvent, both resultant composite
membranes have higher separation factors and lower fluxes as
compared to the one prepared from hexane alone. This can
probably be attributed to two factors associated with the
inclusion of ethanol. First, ethanol can swell the hollow fiber
substrate to a certain degree during the dip-coating process.
Thus, a higher amount of the copolymer may be absorbed
evenly on the surface and lead to the formation of a smooth
and dense top layer. Second, the addition of ethanol may swell

the core of the formed copolymer micelles in hexane
solutions.”" This phenomenon would increase the viscosity of
the solution, which leads to a coating layer with a higher density
and lower fractional free volume. According to the Choi et al.
study,” the addition of ethanol in the pentablock copolymer
can increase the solution viscosity to 3-fold. Therefore,
combining the two effects, the resultant composite membranes
have a smoother top layer and lower fractional free volume.
Thus, an increase in separation factor but decrease in
permeation flux is observed.

To confirm the above hypotheses, PAS measurements for the
fractional free volume of the selective layer were carried out.
Figure 4 shows the PAS spectra, where the S parameter is

0.475

% (a) Hexane

= (b) Hexane/Ethanol 80/20
0.465 A (c) Hexane/Ethanol 70/30

S parameter
o
>
19,
wv
E; X xﬁ

0.445

0.435
0 5 10 15 20 25 30
Positron incident energy (KeV)

Figure 4. S parameters of the composite membranes made from
different solvents: (a) hexane, (b) hexane/ethanol 80/20 wt/wt, and
(c) hexane/ethanol 70/30 wt/wt.

plotted as a function of positron incident energy. As the
incident energy determines the penetration depth of positron
into the membrane surface, the free volume at each cross
section of the membrane can theoretically be exported. The
graph of S parameter can be divided into four regions along
with increasing positron incident energy. For all three
membranes, there is a rapid increase of S parameter near the
surface. This initial slope region is the first region, which is due
to the back diffusion and scattering of positronium. This region
is therefore normally neglected.*’ With a further increase in
incident energy, S parameter reaches the maximum value and
then gradually decreases to a flat region. These variations of S
parameter si§nify the multilayer structure of the composite
membranes.*” The maximum S parameter region is the second
region, which represents the top selective layer. The third
region is the decreasing of S parameter until the flat region that
shows the transition section from the top selective layer to the
Ultem substrate. Lastly, the fourth region is the flat region of S
parameter, which is due to the poly(ether imide) substrate
material. The selective layer thickness could be estimated from
the following equation:

dx.doi.org/10.1021/am503277t | ACS Appl. Mater. Interfaces 2014, 6, 13874—13883
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Table 4. IPA Dehydration Performance of the Composite Membranes Prepared from Different Copolymer IEC Values®?

membrane
Nexar/Ultem 2.0 hexane 30s
Nexar/Ultem 1.5 hexane 30s
Nexar/Ultem 1.0 hexane 30s

copolymer IEC value  solvent coating time water contact angle (deg) flux (kg/m*h) permeate water conc. (wt %) separation factor

2.74 92.9 74
2.62 95.2 112
2.44 97.5 221

“Feed: 85/15 wt % IPA/water. bOperation temperature: 50 °C; downstream pressure: 1 mbar.

Z(E+) — (ﬂ)E+l.6
P (8)

where Z is the thickness (in nanometers) at a position incident
energy E, (keV), p is the density in g/cm®. The calculated top
layer thickness for the membrane prepared from hexane at the
maximum § parameter is about 93 nm. These data are in line
with those from the FESEM image, which are about 100 nm.
The comparison confirms the claim that the maximum S
parameter is at the top selective layer.

Since the free volume of the selective layer is the interest of
study, the representative S parameters of the membranes are
compared. As shown in Figure 4, the composite membrane
prepared from hexane has a larger maximum S parameter
compared to the other two prepared from mixed solvents.
Therefore, the former has a higher free volume and permeation
flux but a lower separation factor than the latter.”” The PAS
results align well with the pervaporation performance and our
hypotheses. As for the membranes prepared from solvent
mixtures with 20 or 30 wt % ethanol content, the membrane
morphology and density may not be changed much because of
the small difference in ethanol amount. This is also reflected in
the PAS spectra, where the maximum S parameters for the two
cases are similar, suggesting a comparable fractional free
volume. Thus, these two composite membranes show similar
flux and permeate water concentration.

Although the S parameter is a combined measure of free
volume hole size and its intensity, it is adequate to provide
explanations to the observations.*’ In this case, the changes in
the membranes are caused by the changes in chain packing
density. So, either a reduction in hole size or number of pores
would lead to a reduced fractional free volume and a smaller S
parameter. This change is also reflected in the pervaporation
performance as discussed earlier. Therefore, the S parameter is
sufficient to provide the necessary information, and it is not
essential to obtain the hole size and its intensity separately.

3.4. Effect of Nexar Copolymer IEC Values on the
Pervaporation Performance. The IEC value of the
copolymer is determined by the degree of sulfonation, which
may change the hydrophilicity of the resultant membranes and
affect the pervaporation performance. Additionally, the degree
of sulfonation may alter the compatibility of the hydrophilic
sulfonated fragment and other hydrophobic segments in the
pentablock copolymer. As a result, the micelle structure of the
copolymer in solvent is changed, and the formation of the
composite membranes is influenced.

Table 4 tabulates the pervaporation data of the composite
membranes prepared from copolymers with IEC values of 1.0,
1.5, and 2.0 for IPA dehydration. The permeation flux has an
increasing trend when the IEC value increases from 1.0 to 2.0,
while the separation factor shows the opposite. This increasing
trend of flux may be explained by the increased membrane
hydrophilicity at a higher IEC value. A higher hydrophilicity
means a better affinity between the membrane and water
molecules, which is favorable for water sorption and results in a

higher permeation flux. To show the change of hydrophilicity,
water contact angles of the three membranes were measured as
listed in Table 4. The advancing water contact angle for the
membrane with an IEC value of 1.0 is 118.4°. This represents a
hydrophobic membrane surface, which is ascribed to the fBS
and EP blocks of the copolymer. As expected, the contact angle
decreases with an increase in IEC value due to the increased
degree of sulfonation, reflecting the increased hydrophilicity.
However, a higher hydrophilicity may cause a larger membrane
swelling during pervaporation and lead to a lower separation
factor.™

Other than the change in hydrophilicity, the alteration in
micelle structure with IEC value may be another reason that
affects the pervaporation performance. As depicted in Figure S,

tBS EP S EP tBS

W~ AN T

Hexane

S

-

NN\

Figure S. Transformation of the pentablock copolymer into a micelle
structure in the hexane solvent.

the pentablock copolymer assembles itself into a micelle
structure with the sulfonated segment as the core in the hexane
solution.”® Because the micelle core contains the charged group
(=S0,), the electron densities between the core and the shell
are different. Eisenberg and his co-workers have made use of
this charge contrast to study the micelle size.*** They
observed that the core size tends to increase with increasing
degree of sulfonation because of strong incompatibility between
the ionic and nonionic blocks. Therefore, maximizing the core
size would help to reduce the surface energy. Similarly, when
the IEC value increases from 1.0 to 2.0, the micelle size will
increase to minimize the unfavorable interactions. As a result,
the polymer chains would have a more stretched conformation.
Additionally, the packing density of the copolymer would be
reduced because of the enlarged micelle size and the resultant
selective layer may have a larger fractional free volume. This
may lead to an increasing flux and a decreasing separation
factor for composite membranes made from higher IEC values.

To verify the structural changes in the resultant composite
membranes, X-ray diffraction (XRD) and PAS techniques were
utilized. Figure 6 shows the XRD spectra and the d-space values
as calculated according to eq 1. The composite membrane
prepared from IEC 2.0 possesses a diffraction peak at around
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Figure 6. XRD curves of the composite membranes prepared from
different copolymer IEC values: (a) 1.0, (b) 1.5, and (c) 2.0.

16.4° and a d-space value of 5.4 A. Decreasing the IEC value to
1.5 and 1.0 shifts the diffraction peak to a higher Bragg angle
that corresponds to a d-space value of 5.1 A. This reduced d-
space indicates a smaller chain—chain distance, which confirms
our aforementioned explanation. Nonetheless, no obvious
difference is observed between the peaks of the composite
membranes made from IEC values of 1.5 and 1.0. This is
probably due to the equipment sensitivity, which is unable to
differentiate the small changes.

To further validate the changes in packing density of the
selective layer, PAS measurements were carried out. Figure 7
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Figure 7. S parameters of the composite membranes prepared from
different copolymer IEC values: (a) 1.0, (b) 1.5, and (c) 2.0.

shows the change of S parameter for the membranes prepared
from the three IEC values. The maximum S parameter of each
curve reflects the changes in fractional free volume of the top
selective layer. An increase in IEC value results in membranes
with a higher S parameter in the selective layer, which suggests
a higher fractional free volume. These results are consistent
with XRD measurements and the pervaporation performance.

3.5. The Dehydration Performance of Nexar Copoly-
mer/Ultem Composite Membranes for C2—C4 Alcohols.
Table S tabulates the pervaporation performance of the Nexar

copolymer/Ultem composite membranes for dehydration of
ethanol, IPA, and n-butanol. Impressive separation performance
is achieved for IPA and n-butanol aqueous systems. However,
the separation factor for ethanol is low, which is probably due
to the effects of ethanol induced swelling to the membranes.
Figure 8 compares the rate and degree of alcohol sorption by
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Figure 8. Vapor sorption results of Nexar films in various alcohols: (a)

ethanol, (b) IPA, and (c) n-butanol.

the Nexar films. Ethanol shows the fastest sorption rate and the
highest sorption extent, followed by IPA and n-butanol. This
indicates that ethanol induces a higher swelling in the selective
layer than it does in others. In addition, the swelling test results
show that the degrees of membrane extension in ethanol, IPA,
and n-butanol are 69%, 29%, and 17%, respectively. The trend
aligns well with the vapor sorption data. As a consequence,
ethanol dehydration has the lowest separation factor. To
compare the separation factor of IPA and n-butanol systems,
the former has a higher separation factor than the latter in spite
of a smaller molecule size. This observation is consistent with
many other reports in the literature.*”** Since penetrant
linearity also plays an important role in determining the
separation performance, n-butanol transports faster than IPA.
On the other hand, because IPA has a branched structure, IPA
dehydration has a higher separation factor than n-butanol
dehydration.

Table S shows the order of permeation flux as such: n-
butanol > ethanol > IPA. The same order has also been
observed by Scharnagl et al.** To understand why the n-
butanol/water system has the largest flux, the driving forces of
water in all three systems are calculated. As shown in Table 6,
both water activity coefficient and fugacity of the n-butanol/
water system are larger than the others. This signifies the
highest driving force of water across the membrane in the n-
butanol/water system, which leads to the largest permeation
flux. However, for the case of ethanol and IPA systems, the flux
does not follow the order of water fugacity. This is probably
due to the higher ethanol-induced membrane swelling so that
the ethanol system shows a larger flux than the IPA system.*’

Table 5. Dehydration Performance of the Composite Membranes for C2—C4 Alcohols™?

alcohol copolymer IEC value solvent coating time
ethanol 2.0 hexane 10 min
IPA 2.0 hexane 10 min
n-butanol 2.0 hexane 10 min

flux (kg/m?* h) permeate water conc. (wt %) separation factor

2.30 79.5 23
2.06 98.9 509
2.46 97.4 212

“Feed: 85/15 wt % alcohol/water. “Operation temperature: 50 °C; downstream pressure: 1 mbar.

13880
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Table 6. Comparison of Fugacity and Permeance®? of the
Three Alcohol Systems

water water water water alcohol
activity P fugacity =~ permeance  permeance
alcohol coefficient  (kPa) (kPa) (GPU)* (GPU)
ethanol 1.92 12.31 6.99 12 050 375
IPA 2.04 12.31 9.31 10090 18
n-butanol 2.12 12.31 10.98 10070 205

“Feed: 85/15 wt % alcohol/water. bOperation temperature: 50 °C;
downstream pressure: 1 mbar. 1 GUP = 1 X 1075 cm® (STP)/cm? s
cmHg.

To decouple the effect of driving force and further inspect
the separation performance, the flux is converted to permeance
as listed in Table 6. The water permeance shows a deceasing
order from C2 to C4 alcohols, which follows the trend of
swelling tendency induced by alcohols on membranes. The
higher the swelling, the larger the amount of water that may
pass through the membrane when the driving force is
normalized. On the other hand, the alcohol permeance has
an order of ethanol > n-butanol > IPA. This result can probably
be explained by the size and linearity of the alcohol molecules,
where ethanol is small and IPA has a branch. However, for a
more comprehensive comparison, the complicated interactions
among water, alcohol, and the membrane should also be
considered,®>" which is not the focus of this study.

In summary, the newly developed Nexar copolymer/Ultem
composite membranes show impressive dehydration perform-
ance for IPA and n-butanol, which is probably because the
block copolymer effectively synergizes the advantages of
different chemical structures. The composite membrane also
shows good stability within the pervaporation testing time of 1
d. However, since the lab-scale setup is not designed to run in a
continuous mode, and the number of our lab-scale setups is
limited, it is difficult for us to occupy a setup for a single test for
a long time. Therefore, the purpose in this work is to
demonstrate the feasibility of the membrane only. The long-
term stability issue may be addressed in future works. Figure 9
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Figure 9. A comparison of polymeric membranes for pervaporation
dehydration of IPA and n-butanol.

compares the dehydration performance between the current
work and literature data.***®*¥#93275¢ The newly developed
composite membranes show superior fluxes with better
separation factors than most other polymeric membranes.
The study may provide useful guidelines and insights in
designing and applying block copolymers for pervaporation
applications.

4. CONCLUSIONS

In this work, novel composite membranes comprising Nexar
block copolymers as the selective layer have been developed for
pervaporation dehydration of C2—C4 alcohols. In-depth
investigations on the physicochemical properties, morpholo-
gies, and separation performance of the composite membranes
were carried out. The following conclusions can be drawn from
the current study:

(1) By using a dip-coating method, the copolymer was
successfully deposited on the Ultem hollow fiber
substrate. A minimum coating time of 30 s is needed
for the formation of a continuous and less defective
selective layer. The resultant membranes show a flux
decrease and a separation factor increase with an increase
in coating time because of forming a thicker top selective
layer.

(2) The effects of different solvent systems on the formation
of composite membranes were investigated. With the
addition of ethanol as a cosolvent for the copolymer, the
resultant membranes exhibit a higher separation factor
but a lower flux than the one using hexane as the solvent.
This could be attributed to (1) the ethanol-induced
substrate swelling and (2) the ethanol-induced swelling
of micelle core of the copolymer. Both effects help the
formation of a smooth and dense selective layer, which
have been verified by PAS measurements.

(3) The IEC value of the Nexar polymer affects the
pervaporation performance of the resultant membranes.
The higher the IEC value, the larger the permeation flux
and the smaller the separation factor. This is ascribed to
the change in polymer hydrophilicity and alternation in
polymer chain conformation.

(4) The newly developed composite membranes demon-
strate good separation performance for IPA and n-
butanol dehydration with fluxes exceeding 2 kg/ m?h and
separation factors of more than 200. The performance
for ethanol dehydration may need improvements in
future studies.
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