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A B S T R A C T

Motivated by the need for developing membranes for biofuel purification, we made pervaporation membranes
by casting a polystyrene-b-polydimethylsiloxane-b-polystyrene (SDS) triblock copolymer using toluene,
cyclohexane, and hexane as casting solvents. The three solvents have different affinities for each of the blocks
of the SDS, which enables the creation of membranes with different nano-morphologies using the same block
copolymer. These membranes were used in pervaporation experiments with butanol/water mixtures as the feed
solution. We quantify the effect of morphology on butanol and water permeabilities. Poorly-ordered granular
morphology, obtained from hexane-cast membranes, is optimal for selective butanol transport. Butanol
permeability was a more sensitive function of morphology than water permeability. Butanol uptake measure-
ments showed that morphology had negligible effects on solubility. Therefore, we attribute the dependence of
permeability on morphology to differences in diffusivities.

1. Introduction

Production of biofuels by fermentation of biomass at an industrial
scale continues to be a challenge. One of the challenges is product
inhibition [1]. Product inhibition occurs at a relatively low biofuel
concentration of 10–20 g/L, and results in the death of the fermenta-
tion microorganisms, thereby stopping any further biofuel production
[2]. This limits the productivity and also results in high separation
costs. Therefore, in situ product removal has become a topic of interest
for many researchers [3]. Adsorption, liquid-liquid extraction, and
pervaporation are some of the methods that researchers have tried to
incorporate as means for in situ product removal [4–7].

Pervaporation is a membrane-based separation method which is
advantageous because of its high product selectivity. The most widely
used membrane material for the in situ removal of biofuel during
fermentation is crosslinked polydimethylsiloxane (PDMS) [8–10]. An
ideal membrane would be selectively permeable to the biofuels while
withstanding the mechanical stresses necessary for operation. One
approach for obtaining mechanically rigid membranes that are perme-
able is based on block copolymer self-assembly [11,12]. One of the
blocks is designed to enable selective permeation while the other is
generally impermeable but rigid, which enables control of mechanical
properties. In a series of previous publications, we have studied

permeation through polystyrene-b-polydimethylsiloxane-b-polystyrene
(SDS) block copolymer membranes; polystyrene is a glassy and rigid
polymer at room temperature, and functions as the mechanical block
[13,14]. The selective permeation of biofuels through these membranes
was better than that of commercial crosslinked PDMS membranes.
Experiments wherein the biofuel (a mixture of butanol, acetone, and
ethanol) produced by fermentation was removed by pervaporation
through the SDS membrane showed better productivity than fermenta-
tion experiments with the crosslinked PDMS membrane [14].

It is well known that in bulk, block copolymers self-assemble into a
variety of nano-scale equilibrium morphologies [15,16]. The equili-
brium morphologies of block copolymers and solvents mixtures are
affected by the selective solvation of individual blocks in the solvents
[17,18]. When block copolymer membranes are made by solvent-
casting, it is possible to trap non-equilibrium metastable states [19].
Previous studies of pervaporation through block copolymer mem-
branes have focused on transport through equilibrium morphologies
[20–22]. The geometries and sizes of the nanostructures were con-
trolled by changing chain length and/or composition of the block
copolymer. In this paper, we prepared films for pervaporation by
casting block copolymer films from different solvents followed by
thorough drying. A dilute mixture of butanol in water is used as a
model solution for a biofuel fermentation broth, and was used as the
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feed solution in all pervaporation experiments. The same block
copolymer was used in all experiments; thus, the nominal compositions
of all the films are identical. We show that the solvent used for casting
the membranes has a significant effect on selective permeation.
Analysis of the morphology by small angle X-ray scattering and
electron microscopy, along with butanol uptake experiments, are used
to understand the underpinnings of these observations.

2. Experimental

2.1. Membrane preparation

A polystyrene-b-polydimethylsiloxane-b-polystyrene (SDS) triblock
copolymer of molecular weight 22-104-22 kg/mol and polydispersity
index of 1.3 was purchased from Polymer Source (Dorval, Canada). The
chemical structure of the polymer is shown in Fig. 1. The polymer
consists of 60 wt% SDS triblock copolymer, 30 wt% polystyrene-b-
polydimethylsiloxane diblock copolymer of molecular weight 22–
52 kg/mol, and 9 wt% homopolymer polystyrene (Viscotek GPC,
Malvern). The polydimethylsiloxane (PDMS) volume fraction, deter-
mined by 1H nuclear magnetic resonance (NMR) on toluene-d8
solutions, was 0.70. Using the nominal densities of PS and PDMS
(1.04 and 0.970 g/cm3) [23,24], the estimated PDMS volume fraction
calculated using the block molecular weights supplied by Polymer
Source is 0.72. Given the polydisperse nature of the sample, this
difference is not surprising. Casting solvents, toluene, hexane, and
cyclohexane, were purchased from Sigma Aldrich and were used as
received.

1 g of SDS was dissolved into about 30 ml of the solvent of interest.
The solution was then poured into a 3-in diameter Teflon petri dish.
The dish was lightly covered with aluminum foil and a glass beaker.
The solution was dried for 3–4 days. Afterward, the Teflon dish was
placed in a vacuum chamber for one day to ensure the absence of any
remaining solvent in the membrane. The absence of remaining solvent
was checked by dissolving the membrane in a deuterated solvent that
was different from the casting solvent and conducting NMR experi-
ments to confirm the absence of the casting solvent. After the drying
step, non-porous, free-standing membranes with thicknesses ranging
from 100 to 150 µm were obtained.

2.2. Scanning transmission electron microscopy

To prepare scanning transmission electron microscopy (STEM)
samples, a piece of the bulk membrane was mounted onto a cryomi-
crotome (Leica FC6) and cooled to −140~−120 °C. Thin sections with
thicknesses of approximately 80 nm were obtained and transferred
onto a lacey carbon-coated copper grid (Electron Microscopy Sciences).
STEM was done on a Tecnai F20 UT FEG instrument using a high angle
annular dark field detector (HAADF) with an acceleration voltage of
200 keV. The samples were not stained. The contrast of the images is
resulted from the z-contrast between the silicon of the PDMS phase and
the carbon of the PS phase.

2.3. Small angle X-ray scattering

Small angle X-ray scattering (SAXS) experiments were conducted at
the Advanced Light Source (Lawrence Berkeley National Lab, Berkeley)
from beamline 7.3.3. The sample-to-detector distance was 4 m, and the
X-ray energy was 10 keV. Exposure time was 30 s for each sample. The
collected 2D image was then azimuthally averaged and X-ray intensity
was plotted as functions of the magnitude of the scattering wave vector,
q, which is defined as q=4π sin(θ/2)/λ, where θ is the scattering angle
and λ is the wavelength of the X-ray.

2.4. Butanol uptake measurement

Three membrane pieces were cut from the three different mem-
branes: toluene-cast, cyclohexan-cast, and hexane-cast. The weight of
the pieces ranged from 0.01 g to 0.1 g, and the thickness of the
membranes were 100–150 µm. Each piece was placed in a 5 ml vial
containing 1-butanol. All of the membrane samples were insoluble in
butanol. The vials containing the membrane samples were placed in an
oil bath at temperatures of interest. The vials were kept for about 24 h
at each of the temperatures before the membrane samples were taken
out and measured. The samples taken out of the butanol were dapped
dry with paper towels before measuring the mass of the swollen
samples. The ratio of the mass of the swollen membrane to that of
the dry membrane is defined as butanol uptake. The butanol uptake
was used to calculate the volume fraction of butanol in the membrane,
ϕb, using pure component densities (butanol: 0.81 g/cm3 [25], PS:
1.05 g/cm3, PDMS: 0.96 g/cm3 [26]) and neglecting volume change on
mixing. (We attempted to measure water uptake and found that it was
negligible.)

2.5. Pervaporation

Aqueous 1 wt% 1-butanol solution was used as feed for all of the
pervaporation experiments. The butanol was purchased from Sigma
Aldrich and was used as received. The pervaporation experiments were
performed on a benchtop pervaporation unit purchased from Sulzer

Fig. 1. Chemical structure of polystyrene-b-polydimethylsiloxane-b-polystrene triblock
copolymer.

Nomenclature

ϕb volume fraction of butanol in membrane
Pb butanol permeability
Pw water permeability
αb butanol selectivity
ϕPDMS volume fraction of PDMS phase
Pi

0 permeability of i through pure PDMS
fPi morphology factor associated with the permeability of i
Ki solubility of i
Di diffusivity of i

ci molar concentration of i in the membrane
xi mole fraction of i in the liquid
γi activity coefficient of i in the liquid
pi

sat saturated vapor pressure of i in the liquid
Kb

0 butanol solubility in pure PDMS
Db

0 butanol diffusivity in pure PDMS
fKb morphology factor associated with butanol solubility
fDb morphology factor associated with butanol diffusivity
χb,p Flory-Huggins parameter for the butanol-polymer system
Γb butanol activity coefficient in the membrane based on

volume fraction
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Chemtech as described in Ref. [13]. The collected permeate was
analyzed by high performance chromatography (Prominence UFLC
instrument, Shimadzu). The pervaporation experiments were repeated
on 2–3 membranes. The data reported in this paper were obtained
from the same membrane that was used in the uptake measurements.
The pervaporation experiments using this membrane were run four
times. We report the average value and take the standard deviation as a
measure of experimental uncertainty.

2.6. Permeability and diffusivity

Permeabilities of butanol and water (Pb and Pw) through the
membranes were calculated from data obtained from pervaporation
experiments using methods described in Ref. [13]. Membrane selec-
tivity relative to butanol (αb) is defined as

α P P= /b b w (1)

Following previous studies [13], we assume that butanol diffuses
only through the PDMS phase of the membrane. Thus, permeability
through block copolymer membranes is given by

P f ϕ P i= ( =b or w)i P PDMS i
0

i (2)

where ϕPDMS is the volume fraction of PDMS in the block copolymer
(0.70), Pi

0 is the intrinsic permeability of species i through pure PDMS,
and fPi is a morphology factor that accounts for geometric constraints
on permeability.

For a dilute solution of butanol, Pi is expressed as [27]

P K D= ×i i i (3)

where Ki is the solubility of i and Di is the diffusivity of i. Ki was
obtained by equilibrating liquid butanol with the block copolymer
membrane. In general,

K c
x γ p

=i i

i i i
sat

(4)

where ci is the molar concentration of i in the membrane, xi is the mole
fraction of i in the liquid, γi is the activity coefficient of i in the liquid,
and pi

sat is the saturated vapor pressure of i in the liquid [28,29]. For
an aqueous 1 wt% butanol solution, xb=0.0024.

Focusing on butanol permeability, we define Kb
0 and Db

0 to be
solubility and diffusivity of butanol in pure PDMS. Rewriting Eq. (3) in
terms of these parameters, we obtain

P f ϕ K D= ( ∙ )b P PDMS b b
0 0

b (5)

In principle, fPb can be separated into a morphology factor affecting
sorption (fKb) and a morphology factor affecting diffusion (fDb):

f f f= ∙P K Db b b (6)

Eq. (5) becomes

P f K f ϕ D= ∙b K b D PDMS b
0 0

b b (7)

where

K f K=b K b
0

b (8)

and

D f D=b D b
0

b (9)

Based on usual definitions of morphology factors [20,30], we expect
diffusion to be affected by morphology but not solubility, i.e., we expect
fKb to be unity and fPb=fDb.

To obtain information on the thermodynamic properties of the
butanol-polymer system, that is, to find the Flory-Huggins parameter
χb,p, we measured the butanol uptake for a membrane equilibrated in
pure butanol. In this case,

γ x ϕ=1 = Γb b b b (10)

where Γb is the activity coefficient of butanol in the membrane based on
volume fraction and ϕb is the volume fraction of butanol in the
membrane. Using Flory-Huggins theory for mixtures of a high mole-

Table 1
Measured ϕb in 100% butanol, Γb in 100% butanol, χb,p, γb in aqueous 1% butanol, calculated ϕb in aqueous 1% butanol, and Γb in aqueous 1% butanol for the three membranes at
different temperatures.

Casting solvent Temperature (°C) Measured ϕb (100%
butanol)

Γb (100%
butanol)

χb,p γb (1%
butanol)

Calculated ϕb (1%
butanol)

Γb (1%
butanol)

Toluene 37 0.217 4.60 1.21 43.3 0.0118 8.79
50 0.333 3.00 0.983 43.2 0.0151 6.88
60 0.371 2.69 0.916 42.7 0.0158 6.50
80 0.568 1.76 0.716 35.7 0.0160 5.35

Cyclohexane 37 0.290 3.45 1.05 43.3 0.0140 7.42
50 0.357 2.80 0.936 43.2 0.0156 6.63
60 0.413 2.42 0.863 42.7 0.0167 6.16
80 0.597 1.68 0.695 35.7 0.0163 5.24

Hexane 37 0.277 3.60 1.07 43.3 0.0137 7.61
50 0.336 2.98 0.968 43.2 0.0151 6.85
60 0.414 2.41 0.861 42.7 0.0167 6.15
80 0.598 1.67 0.694 35.7 0.0164 5.24

γb taken from Ref. [32].

Fig. 2. Small angle X-ray scattering (SAXS) intensity as a function of the magnitude of
the scattering Q vector for the toluene-cast, the cyclohexane-cast, and the hexane-cast
membranes. Each of the solid curves represents the SAXS profile before the membrane
was used in pervaporation experiments. The dotted curves represent the SAXS profiles
after the membranes were used in pervaporation experiments. ▼ denotes the positions
of the primary and secondary peaks.

C. Shin et al. Journal of Membrane Science 523 (2017) 588–595

590



cular-weight homopolymer and solvent [31]

ln ϕ χ ϕΓ =1 − + (1− )b b b p b,
2

(11)

Using Eq. (10), pure butanol uptake measurements enabled deter-
mination of χb,p. Table 1 shows results obtained for the three
membranes.

The volume fraction of butanol in the membrane equilibrated in the
pervaporation feed solution (1 wt% butanol) is then estimated using
χb,p.

γ x ϕ=Γb b b b (12)

noting that the γb and xb now refer to the feed solution. γb at each
temperature was estimated using the non-random two-liquid (NRTL)
equation for binary butanol-water mixtures [32]. For temperatures
between the data provided in Ref. [32], linear extrapolation was used to
estimate γb.

3. Results and discussion

The three solvents chosen for casting the membranes exhibit
varying affinities for the blocks of the polystyrene-b-polydimethylsilox-

ane-b-polystyrene (SDS) block copolymer. Toluene dissolves both
blocks, cyclohexane is a theta solvent for polystyrene (PS) and a good
solvent for polydimethylsiloxane (PDMS), and hexane is a poor solvent
for PS and a good solvent for PDMS. Using the three different solvents
for solvent-casting resulted in drastically different morphologies.

In Fig. 2, we show SAXS profiles of membranes cast from different
solvents before they were used in pervaporation experiments and after
completing the experiments. All of the profiles exhibit a well-defined
primary scattering peak at scattering vector q=q*. This indicates the
presence of periodic structures with domain spacings d=2π/q*. The
domain spacing represents the average center-to-center distance
between adjacent PDMS microdomains. The domain spacings for
membranes cast from toluene, cyclohexane, and hexane are 65.3 nm,
45.7 nm, and 35.2 nm, respectively. The domain spacing decreases
with decreasing solvent quality. A higher order scattering peak at
q=2q* is seen in the toluene-cast membrane, indicating lamellar
morphology. In the case of the cyclohexane-cast membrane, a shoulder
is seen at q= 3q*, suggesting a cylindrical morphology. The scattering
profiles obtained before and after pervaporation are nearly identical.
The largest difference is seen in the hexane-cast membrane wherein the
domain spacing changes from 35.2 nm to 37.4 nm. It is evident that the

Fig. 3. Dark-field scanning transmission electron microscopy (STEM) images of the (a) toluene-cast, (b) cyclohexane-cast, and (c) hexane-cast membranes. The brighter phase is the
PDMS-rich phase, and the darker phase is the PS-rich phase. The white scale bar represents 100 nm. All of the images were taken at the same magnification. The red arrows represent
the domain sizes calculated from SAXS.
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membrane morphologies are effectively trapped during the pervapora-
tion experiments.

Further confirmation of the different morphologies was made by
scanning transmission electron microscopy (STEM). Fig. 3 shows the
STEM images of toluene-cast, cyclohexane-cast, and hexane-cast
membranes. The toluene-cast membrane has lamellar morphology,
cyclohexane-cast membrane has cylindrical morphology with PS cylin-
ders, and the hexane-cast membrane has a poorly-ordered granular
morphology with dark PS domains in a bright PDMS matrix. The
equilibrium morphology of the block copolymer is expected to be
cylindrical based on the fact that the PDMS volume fraction is 0.70. It
is evident that the morphologies of our block copolymer membranes

depend on interactions between the blocks and the solvent, [17,18] and
perhaps other parameters such as evaporation rates. The domain
spacings observed by STEM are consistent with the domain spacings
calculated from the SAXS profiles; the SAXS domain spacings are
represented by by red arrows in Fig. 3.

The butanol permeabilities (Pb) and water permeabilities (Pw) of the
three membranes were measured by pervaporation experiments using
aqueous 1 wt% butanol solutions as feed. Permeabilities were deter-
mined at different temperatures: 37, 50, 60, and 80 °C. Pb and Pw are
plotted as functions of temperature in Fig. 4a and b, respectively. Pb

and Pw of the three membranes decreased monotonically as the
pervaporation temperature was increased. This is consistent with

Fig. 4. Butanol-water binary component pervaporation results at 37, 50, 60, and 80 °C. (a) Butanol permeabilities (Pb), (b) water permeabilities (Pw), and (c) butanol selectivities (αb)
are plotted as functions of temperatures for the hexane-cast (●), the cyclohexane-cast (■), and the toluene-cast (▲) membranes.

Table 2
Vapor pressure for pure butanol (pb

sat) and concentration of butanol in membrane (cb) for the three membranes at different temperatures.

Temperature (°C) pb
sat cb (mol/m3)

(mmHg) Toluene-cast Cyclohexane-cast Hexane-cast

37 15.0 129 153 149
50 33.6 165 171 165
60 59.2 172 182 182
80 162.3 175 179 179

pb
sat taken from Ref. [29].
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Fig. 5. (a) Butanol uptake, (b) butanol solubility (Kb), and (c) butanol diffusivity (Db) as functions of temperature in hexane-cast(●), cyclohexane-cast(■), and toluene-cast(▲)
membranes.

Fig. 6. (a) Morphology factor associated with butanol permeability (fPb) (●) and morphology factor associated with water permeability (fPw) (○), (b) morphology factor associated with
butanol solubility (fKb) (▼) and morphology factor associated with butanol diffusivity (fDb) (▲) of the toluene-cast membrane as functions of temperature.
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literature [33]. (Both butanol and water fluxes increase with tempera-
ture due to an increase in the driving forces for pervaporation, see pb

sat

in Table 2.) The hexane-cast and cyclohexane-cast membranes showed
similar Pb and Pw at all temperatures. Pb obtained from these two
membranes are within experimental error, while small differences
outside the experimental error are seen in Pw. The toluene-cast
membrane has the lowest Pb and Pw across all temperatures. Pb of
the toluene-cast membrane are about 20 % of those of the hexane-cast
and cyclohexane-cast membranes, and Pw of the toluene-cast mem-
brane are about 50 % of those of the other membranes. Fig. 4c is a plot
of the butanol selectivities (αb) of the three membranes versus
temperature. αb is insensitive to temperature. αb for the hexane- and
cyclohexane-cast membranes are about 3.8 while that of the toluene-
cast membrane is 1.3.

In attempt to explain the differences in Pb, Pw, and αb, apparent
PDMS volume fractions were derived from the STEM images. Although
the same SDS was used to cast all three membranes, we did not want to
disregard the possibility of non-equilibrium effects. The PDMS volume
fractions were measured to be 0.52 and 0.54 for the toluene-cast
membrane and the cyclohexane-cast membrane, respectively. (We did
not attempt to estimate PDMS volume fraction for the hexane-cast
membrane.) These numbers are different from the PDMS volume
fraction determined by NMR, 0.70. It appears that the PDMS volume
fraction determined by STEM is consistently lower than that deter-
mined by NMR. We are not sure about the reason for this difference. It
may be related to STEM sample preparation.

Butanol uptake measurements were conducted to estimate butanol
solubility in the three membranes. Fig. 5a shows results of uptake
experiments measured by immersing the membranes in pure butanol.
These butanol uptake measurements were used to calculate the volume
fraction of butanol in the membrane, ϕb, using pure component
densities as described experimental section. ϕb for the three membrane
are listed in Table 1. This enables calculation of Γb for pure butanol
using Eq. (10), and χb,p using Eq. (11). Assuming χb,p is independent of
butanol concentration, we then simultaneously solve Eqs. (11) and (12)
to determine Γb and ϕb for an aqueous 1 wt% butanol solution, using γb
from literature [32] for the aqueous 1 wt% butanol solution. The
measured ϕb and Γb for pure butanol, χb,p, and γb, calculated ϕb, and
Γb for the aqueous 1 wt% butanol solution at different temperatures for
the three membranes are given in Table 1.

In Table 2, we give the temperature dependence of pb
sat and cb of

the three membranes. This information, along with γb in Table 1, is
used to calculate Kb for each membrane using Eq. (4). The temperature
dependence of Kb in three membranes is shown in Fig. 5b. While
butanol uptake and cb increases significantly with increasing tempera-
ture, Kb decreases with temperature due to the temperature depen-
dence of the other parameters in Eq. (4). The butanol uptake and Kb of
the membranes do not depend on the solvent used for casting the
membranes (Fig. 4a and b). Differences in Pb seen in Fig. 4a thus
cannot be attributed to differences in solubility, Kb. The solubility
measurements, however, provide an explanation for the decrease in
butanol permeability with increasing temperature.

From Pb and Kb, butanol diffusivities (Db) were calculated using Eq.
(3) and plotted as functions of temperature (Fig. 5c). As expected, Db

increases monotonically with increasing temperature for all three
membranes. The toluene-cast membranes exhibited the lowest Db at
all temperatures, while the hexane-cast membrane and the cyclohex-
ane-cast membrane exhibited similar Db at all temperatures because
both Pb and Kb are similar. For comparison, Db in aqueous 1 wt%
butanol solution at 25 °C has been reported in literature to be
9.2×10−6 cm2/s [34]. Db in the membranes measured at 37 °C were
about an order of magnitude smaller; they were calculated to be
1.2×10−7 cm2/s, 5.1×10−7 cm2/s, and 6.6×10−7 cm2/s, respectively
for toluene-cast, cyclohexane-cast, and hexane-cast membranes.

We use the framework described in the experimental section (Eqs.
(2)–(9)) to study the effect of morphology on permeation. In this

framework, the morphology factor (f) accounts for the microphase-
separated geometry of the block copolymer. For lamellar morphologies,
f = 2/3, while for morphologies with continuous transporting phases,
f=1 [20,30]. In both cyclohexane- and hexane-cast membranes, the
transporting PDMS-rich microphase is continuous and we thus expect
f=1 in these systems. By definition, neither ϕPDMS nor Pi

0 are affected
by the casting solvent. Our framework thus predicts that butanol and
water permeabilities through cyclohexane- and hexane-cast mem-
branes should be within experimental error. Our measurements are
more-or-less consistent with this prediction (Fig. 4). Our framework
also enables analysis of permeation through toluene-cast membranes.
We estimate Pi

0 using data obtained from the hexane-cast membrane
assuming that fPi=1. Pi

0 thus obtained are thus a factor of 1/0.70 larger
than the butanol and water permeabilities of the hexane-cast mem-
branes in Fig. 3a and b. Using Pi

0, we determine fPi for the toluene-cast
membrane with lamellar morphology. Fig. 6a shows the results
obtained. Both fPw and fPb are more-or-less independent of tempera-
ture. The average value of fPw is 0.50, which is somewhat lower than the
expected value of 0.67. This suggests that defects in the lamellar phase
slow down transport of water molecules. It is not uncommon to obtain
morphology factors that are lower than theoretical limits [35,36]. What
is surprising, however, is that fPb is about a factor of three smaller than
fPw. The fact that water permeability is unaffected by morphology
suggests that water molecules may be permeating through both PS- and
PDMS-rich microphases.

Since permeability depends on solubility and diffusivity, fPb can, in
principle, be affected by both parameters. This is explicitly quantified in
Eq. (6). The morphology factor related to solubility, fKb, for the toluene-
cast membrane, is estimated from measurements of Kb in toluene- and
hexane-cast membranes in a manner that is analogous to our determi-
nation of fPb for the toluene-cast membrane. From Eq. (8), it is evident
that fKb is given by the ratio Kb,toluene/Kb,hexane. In Fig. 6b, we plot fKb
versus temperature. The morphology factor associated with diffusivity
is then given by fDb=fPb/fKb (see Eqs. (3)–(9)). In Fig. 6b, we also plot
fDb versus temperature. It is evident that both fKb and fDb are
independent of temperature. To a good approximation fKb is unity
(average value 0.95) while fDb is about 0.17. This indicates that
morphology affects diffusivity, not solubility. We hypothesize that
defects such as T-junctions are responsible for hindering butanol
transport through the toluene-cast lamellar SDS membrane. Further
work is needed to either prove or disprove this hypothesis.

4. Conclusions

We used toluene, cyclohexane, and hexane, which have varying
affinities for each of the blocks in SDS, as solvents for casting
pervaporation membranes. The difference in the casting solvents
resulted in different morphologies: the toluene-cast membrane exhib-
ited a lamellar morphology, the cyclohexane-cast membrane exhibited
a cylindrical morphology with a PDMS-rich matrix, and the hexane-
cast membrane exhibited a poorly-ordered granular morphology with a
PDMS-rich matrix (Figs. 1 and 2). These membranes were used in
pervaporation experiments with an aqueous butanol solution as the
feed. This enabled quantification of butanol and water permeabilities
(Fig. 4). We expect permeability to be largely restricted to the PDMS-
rich microphase. Since all of the membrane have the same composi-
tion, our experiments thus provide a unique window into the effect of
morphology on simultaneous transport of butanol and water. The
poorly-ordered granular morphology is optimal for selective butanol
transport. Surprisingly, butanol permeability is more strongly affected
by morphology than water permeability (Fig. 6a). Butanol uptake
measurements showed that morphology had negligible effect on
solubility (Fig. 6b). The observed dependence of permeability on
morphology is thus attributed to differences in diffusivities.

It is evident that the choice of solvent used for casting block
copolymer membranes can have a large effect on membrane perme-
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ability. Further work is needed to elucidate the relationship between
block copolymer processing, morphologies of block copolymer mem-
branes, and transport mechanisms of mixtures of molecules through
block copolymer membranes.
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