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ABSTRACT: The fabrication, detailed characterization, and
molecular transport properties of nanocomposite membranes
containing high fractions (up to 40 vol %) of individually-
dispersed aluminosilicate single-walled nanotubes (SWNTs) in
poly(vinyl alcohol) (PVA), are reported. The microstructure,
SWNT dispersion, SWNT dimensions, and intertubular
distances within the composite membranes are characterized
by scanning and transmission electron microscopy (SEM and
TEM), energy-dispersive spectroscopy (EDS), X-ray diffrac-
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tion (XRD), XRD rocking curve analysis, small-angle X-ray scattering (SAXS), and solid-state NMR. PVA/SWNT
nanocomposite membranes prepared from SWNT gels allow uniform dispersion of individual SWNTs in the PVA matrix
with a random distribution of orientations. SAXS analysis reveals the length (~500 nm) and outer diameter (~2.2 nm) of the
dispersed SWNTs. Electron microscopy indicates good adhesion between the SWNTs and the PVA matrix without the
occurrence of defects such as voids and pinholes. The transport properties of the PVA/SWNT membranes are investigated
experimentally by ethanol/water mixture pervaporation measurements, computationally by grand canonical Monte Carlo and
molecular dynamics, and by a macroscopic transport model for anisotropic permeation through nanotube—polymer composite
membranes. The nanocomposite membranes substantially enhance the water throughput with increasing SWNT volume fraction,
which leads to a moderate reduction of the water/ethanol selectivity. The model is parameterized purely from molecular
simulation data with no fitted parameters, and shows reasonably good agreement with the experimental water permeability data.
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B INTRODUCTION

The synthesis, properties, and applications of nanotube
materials have been extensively studied for more than two

decades.'” Carbon nanotubes have been found to possess
good mechamcal 7 electrical,® thermal,”'® and mass trans-
port'"'? properties and can be incorporated into other solid-

phase materials as nanoscale fillers. The mechanical and
electrical/heat/mass transport properties of such nanocompo-
sites exhibit a strong dependence on the filler volume
fraction.'”"*'* Previous studies have also suggested that
uniformity of the nanotube dispersion in the matrix material
plays a critical role in the performance enhancement. For
example, carbon nanotube/polymer composite membranes
with non-ideal nanotube dispersion (ie., aggregation of
nanotubes in the matrix due to the incompatibility between
the outer surface of the carbon nanotubes and the matrix
materials) were found to yield low molecular selectivity.”'®
Furthermore, nanotube dispersion and defect regions in carbon
nanotube-based composite membranes have not yet been fully
characterized. As a result, the relative contributions to mass
transport from the dispersed nanotubes (pore size <10 nm)
and the defect regions (of size ~1 um) are unclear.'®'” To
address the problem of increasing the nanotube loading in
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nanocomposites while maintaining good dispersion, a range of
techniques for outer surface modification of carbon nanotubes
have been developed, such as the use of surfactants'® > or in
situ polymerization®> 2 to enhance the nanotube compatibility
with the polymeric matrix. Nevertheless, the highest volume
fraction reported to date of carbon nanotubes dispersed in a
polymeric material without significant nanotube aggregation is
only about 20 %.">*” This limitation hinders the performance
enhancement that the nanotubes can potentially create in a
composite material or membrane.

The limits on carbon nanotube loading in composite
materials are likely related to the difficulty of dispersing the
nanotubes individually in a liquid prior to preparing the solid-
phase composite.”® ' However, individual dispersion of
nanotubes in polar liquids can be achieved in the case of
metal oxide nanotubes that are synthesized hydrothermally or
solvothermally and have polar surfaces.> ™’ Single-walled
aluminosilicate nanotubes (SWNTs, Figure 1), which are
synthetic analogues of the nanotubular mineral imogolite, can
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Figure 1. Structure of the aluminosilicate single-walled nanotube.

be synthesized hydrothermally with a high degree of
dispersion.>>**~* These SWNTs are hypothesized to be
amenable to the fabrication and application of high-loading
nanotube composites with near-ideal dispersion of nanotubes.
Furthermore, previous studies have suggested that aluminosi-
licate SWNTs possess extraordinarily high interior hydro-
philicity due to their high inner surface silanol densities,*"**
and membranes incorporating them have been predicted to
exhibit excellent water transport properties and good water/
alcohol selectivity.**™* The transport properties of these
materials can also be controlled by internal surface
modification***” and tuning of the nanotube diameter.***’
Therefore, SWNT/polymer composite membranes are inter-
esting candidates for applications in water/organic separations
(e.g, water/ethanol separation as encountered in biofuel
production).

In this work, we report the preparation, characterization, and
permeation properties of polymer/SWNT composite mem-
branes with high loading and near-ideal dispersion of
nanotubes. Specifically, the loading of well-dispersed SWNTs
in poly(vinyl alcohol) (PVA) membranes is systematically
increased up to 38% by volume. The importance of initial
dispersion of the SWNTs in a liquid medium is highlighted by
comparison of membranes fabricated using SWNT gels and
SWNT powders as starting materials. The microstructure of the
composite membranes is assessed qualitatively and quantita-
tively by scanning electron microscopy (SEM), energy-
dispersive spectroscopy (EDS), 2D X-ray diffraction (XRD),
small-angle X-ray scattering (SAXS) and solid-state NMR.
Subsequently, the permeation properties of the PVA/SWNT
composite membranes are studied by water/ethanol pervapora-
tion measurements, and the results are analyzed in terms of
recently-developed models for transport in polymer/nanotube
composite membranes as well as with predictions from
molecular simulation studies.

B EXPERIMENTAL SECTION

Preparation of Aluminosilicate SWNTs. Tetraethyl orthosilicate
(TEOS) was mixed with aluminum-tri-sec-butoxide in a glove box
filled with nitrogen. The mixture was added to an aqueous 75 mM
perchloric acid solution with a molar ratio Si:ALHCIO, = 1.1:2:1,
under vigorous stirring at room temperature in ambient conditions for
24 h. The solution was then diluted with DI water by a factor of 3.8
and was stirred at 95°C for 4 days. Once the temperature was brought
to 95°C, the solution turned from cloudy to clear in about one hour.
After the solution was cooled to room temperature, a 30 wt %
ammonia solution was added dropwise until gelation of the suspended
nanotubes occurred. The gel was isolated by centrifugation at 7000
rpm for 10 min. The supernatant was discarded and a few drops of 10
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N hydrochloric acid were added to the gel, thereby redispersing the
nanotubes. The resulting gel was purified by dialysis against DI water
for 3 days using a membrane with a molecular weight cutoff of 15 kDa.
Part of the purified suspension was used to prepare PVA/SWNT-gel
composite membranes, and the remaining part was dried at 60 °C and
then ground lightly to obtain a powder sample of the SWNTs for
preparing PVA/SWNT-powder membranes. Approximately one gram
of SWNT powder sample is obtained by a 1 L synthesis batch.

Preparation of Aluminosilicate SWNT/PVA Composite
Membranes with SWNT Powders. The SWNT powder sample
was weighed and mixed with 30 mL of PVA aqueous solution at room
temperature. The total mass of SWNT and PVA was 400 mg and the
mass fractions of SWNT were controlled at 0.1, 0.2, 0.3, and 04,
respectively. The resulting PVA/SWNT mixture was gently stirred for
18 h at room temperature. The mixture was then poured into a
polystyrene petri dish and the membrane was cast at 60 °C for 24 h.
The resulting composite membrane was removed from the petri dish
and placed in a crosslinking bath containing 50 mL of water, S0 mL of
acetone, 0.5 g of 98 wt % sulfuric acid, and 1.25 g of 25 wt %
glutaraldehyde for 30 min. The crosslinked membrane was washed
with ethanol and then dried at 60 °C for 24 h. The SWNT volume
fractions of the resulting membranes were determined from the mass
fractions and densities of SWNTs and PVA. Details of the calculation
of SWNT volume fractions are shown in the Supporting Information.
Membranes with SWNT volume fractions of 0.11, 0.21, 0.31, and 0.42
are referred to as pwd-1, pwd-2, pwd-3, pwd-4, respectively, in the
following discussion. These membranes have thicknesses in the range
of 40—100 ym, as determined by a screw gauge as well as cross-
sectional SEM images.

Preparation of Aluminosilicate SWNT/PVA Composite
Membranes with SWNT Gel. SWNT gels (8, 16, 24, and 32 mL)
were mixed at room temperature with 20 mL of PVA aqueous
solutions containing 360, 320, 280, and 240 mg of PVA, respectively.
The PVA/SWNT composite membranes were then cast and
crosslinked by the same procedures mentioned in the previous
section. The SWNT mass fractions in the resulting PVA/SWNT
membranes were determined by thermogravimetric analysis (see the
Supporting Information). The SWNT volume fractions were
determined as mentioned in the previous section. Membranes with
SWNT volume fractions of 0.08, 0.20, 0.33, and 0.38 are referred as
gel-1, gel-2, gel-3, and gel-4, respectively, in the following discussion.
These membranes have thicknesses in the range of 40-100 um, as
determined by a screw gauge as well as cross-sectional SEM images.

Electron Microscopy and Energy-Dispersive Spectroscopy
(EDS). The morphology of SWNT/PVA composite membranes was
imaged with a scanning electron microscope (SEM, Hitachi S-3700N).
To observe the cross-sectional morphology, we cryogenically fractured
the membranes in liquid N,. Energy-dispersive spectroscopy (EDS)
analysis of the cross-sections was carried out with the same instrument.
Transmission electron microscopy (TEM) was used to image SWNTs
dispersed in the polymeric matrix. The membrane was embedded in
epoxy and then microtomed into approximately 100 nm slices, which
were collected on 300 mesh copper grids coated with Formvar layers.
TEM images were recorded on a Hitachi HF2000 field-emission TEM
at 200 kV.

XRD Measurements and Simulations. X-ray diffraction (XRD)
scans in Bragg-Brentano geometry were performed on a PAnalytical
X’pert Pro MPD diffractometer operating with a Cu Ka source.
Diffraction data were collected with a collimator and Miniprop
detector, in the range of 3—30° 26 and a step size of 0.05°. Grazing-
angle XRD scans were performed on PAnalytical X’pert Pro MRD
diffractometer operating with a Cu Ka source. The diffraction patterns
were recorded with a collimator and Miniprop detector scanning from
0-90° ¢ and a step size of 0.05°, at fixed 26 values of 4.6 and 19.5° in
order to probe the orientation of SWNTs and PVA polymer chains,
respectively. XRD simulations were performed to investigate the
extent of SWNT bundling. The Reflex module of the Materials Studio
3.2 molecular simulation package (Accelrys, Inc.) was used, and the
details of such simulations have been reported in our previous works.*'
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Figure 2. Photographs of (a) aqueous solutions (or dispersions) of pure PVA, SWNT powder, and SWNT gel from left to right; (b) a pure PVA
membrane, a powder-derived ~40 vol % SWNT/PVA membrane, and a gel-derived ~40 vol % SWNT/PVA membrane, from left to right. The red

circles locate the membranes of 3” diameter.

SAXS Measurements and Simulations. Small-angle X-ray
scattering (SAXS) on the prepared membranes were performed on
the DND-CAT beamline at the Advanced Photon Source (Argonne
National Laboratory). The beamline was tuned to operate at 17 keV,
resulting in an X-ray wavelength of 0.73 A. The beam at the sample
position was controlled to have dimensions of a few hundred
micrometers. The SAXS patterns of SWNT/PVA composite
membranes were simulated as described in the Results and Discussion
section, and key structural parameters were obtained by fitting the
model predictions to the measured data.

Pervaporation. The composite membranes were used for
pervaporation of an ethanol/water mixture. The feed solution was
80 wt % ethanol. The measurements were performed at 60 °C, wth a
feed and permeate pressure of 101 kPa and 0.5 kPa, respectively. Two
cold traps at 77 K were used to collect the permeate. After 2 h of
permeation, the cold traps were weighed in order to obtain the total
permeate mass flow rate. The total mass flux was determined by
dividing the mass flow rate by the membrane area (18.8 cm?). The
permeate composition was measured by a gas chromatograph (GC).
The water and ethanol molar fluxes (J) thus obtained were converted
into water and ethanol permeability by the relation J = P(Ap/t),
where P is the effective permeability of the membrane for the
transported molecules, t is the thickness of the membrane, and Ap is
the vapor pressure difference of the transported molecules between the
feed side and the permeate side.’® The membrane thicknesses were
measured by a spring thickness gauge. In order to obtain Ap, the vapor
pressures of water and ethanol on the feed side and on the permeate
side were determined separately. The water or ethanol vapor pressures
on the feed side were taken as the product of its liquid phase mole
fraction, its saturated vapor pressure, and its activity coefficient for the
mixture. The liquid phase mole fraction was measured by GC. The
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saturated vapor pressures and the activity coefficient were estimated by
the Antoine equation®’ and the UNIFAC model®' respectively. The
water or ethanol vapor pressures on the permeate side were the
product of the measured pressure on the permeate side and its mole
fraction on the permeate side measured by GC.

Molecular Adsorption and Diffusion Simulations. The
construction and the structural optimization of SWNT atomic models
is described in our previous works.**~**® Adsorption isotherms were
calculated at 333 K for single-component water and ethanol using the
Grand Canonical Monte Carlo (GCMC) method as implemented in
the MUSIC simulation code,®” with the molecules only allowed to be
inserted within the NT pore. The CLAYFF*? force field for NTs, the
SPC model for water, and the TraPPE>* force field for ethanol were
used as explained in our previous work.*****>% The flexibility of
hydroxyl groups was considered as described previously,” with all
atoms in the NTs being fixed in position except for the surface
hydroxyl groups. To examine the diffusion of water and ethanol in
NTs, we performed NVT molecular dynamics (MD) simulations at
333 K using a Nosé-Hoover thermostat. Unlike our GCMC
calculations, all atoms in the NTs were allowed to move in the MD
calculations. After equilibrating the system for 0.4 ns, MD simulations
were run for 2 ns with a time step of 1 fs. The corrected diffusivities
(Dy),”” which describe the diffusive motion of the center-of-mass of
the molecules relative to the reference frame of the adsorbent, were
calculated by averaging data over 30 independent trajectories for water
and ethanol loadings ranging from near-zero to near-saturation
loading. Transport diffusivities (DY), which describe the macroscopic
diffusive transport under the influence of a concentration gradient,
were then calculated from D; and the thermodynamic correction
factor: D, = Dy0 In f/0 In C. Here, fis the fugacity of the bulk gas phase
in equilibrium with the concentration C of the species in the adsorbed
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phase. The thermodynamic correction factor 0 In f/0 In C was
obtained from the computed adsorption isotherms by assuming
fugacity and pressure to be equal in the pressure range considered in
this study. The permeability (P) at a given pressure (p) is taken as P =
D(C)C/p, where C is the concentration of species in the adsorbed
phase at the given pressure. The permeability information for the
pressure range of the pervaporation experiments (p = 101 kPa for the
feed side and p = 0.5 kPa for the permeate side) was thus obtained.

Solid-State NMR. 'H and "H—"3C cross-polarization (CP) solid-
state NMR measurements were performed on a Bruker DSX 400
spectrometer operating at resonance frequencies of 399.8 MHz for 'H
and 100.5 MHz for C. The membranes were cut into small pieces
and packed tightly into a 4 mm rotor. The rotor was spun at frequency
of 10 kHz during the measurements. A 7/2 pulse and 4 s repetition
time were applied for both 'H and '*C measurements. Chemical shifts
of the 'H and C spectra were referenced to adamantane.

B RESULTS AND DISCUSSION

Uniformity of PVA/SWNT Composite Membranes.
Photographs of the aqueous PVA/SWNT solutions and
PVA/SWNT membranes prepared by the two different starting
materials (SWNT gels and SWNT powders) are summarized in
Figure 2. The pure PVA solution, and the solution used for
preparing the gel-4 membrane, both show high transparency in
comparison to the PVA/SWNT solution used for preparing the
pwd-4 membrane (Figure 2a). This suggests that any
aggregates/bundles of nanotubes in the sample are smaller
than the smallest wavelength of visible light (~390 nm). On the
other hand, suspended particles can be visually observed in the
pwd-4 solution, which implies that the SWNT particles do not
completely redisperse into individual SWNTS in a pure
aqueous solution with no pH adjustment. As seen from Figure
2b, the membrane made from the gel-4 solution shows
transparency similar to pure PVA membranes, thereby
indicating no severe phase separation during membrane
formation and good dispersion of the SWNTs in the solid
phase. In contrast, the low transparency of the pwd-4
membrane implies the aggregation of SWNT particles in the
membrane.

Figure 3 shows cross-sectional SEM images and EDS line
profiles of the silicon-to-carbon intensity ratio for membranes
prepared from SWNT powder (pwd-4) and SWNT gel (gel-4).
Similar results are obtained for the remaining membranes in
our sample set, and are shown in the Supporting Information.
The pwd-4 membrane (Figure 3a) displays the existence of
large SWNT agglomerations that have a high silicon-to-carbon
intensity ratio in EDS. (SEM images and EDS line profiles of
samples pwd-1, pwd-2, and pwd-3 are presented in the
Supporting Figure S3, and SEM images of the SWNT powder
sample are shown in the Supporting Information, Figure S4).
However, although the SWNT aggregates do not completely
dissociate during membrane formation, the absence of
micrometer-scale voids between the SWNTs and the PVA
matrix suggests good adhesion properties between the two
materials. This is likely due to the interaction of the hydroxyl
groups of PVA with the bridging hydroxyl groups on the outer
surface of the SWNTs. Membranes prepared with SWNT gels
exhibit a homogeneous appearance in the cross-sectional SEM
image and the EDS profile (Figure 3b—e), thereby suggesting
that the SWNTs are uniformly dispersed. Additionally, a
monotonic increase of the silicon-to-carbon ratio is observed in
the SWNT gel membranes upon increasing the SWNT volume
fraction (Figure 3b and the Supporting Information, Table S3).
Visual evidence of SWNTs in the SWNT gel membranes is also
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Figure 3. SEM images (left) and line profiles of silicon/carbon
intensity from EDS patterns (right) for PVA/SWNT membranes
prepared by SWNT powders or gels: (a) pwd-4, (b) gel-1, (c) gel-2,
(d) gel-3, and (d) gel-4. The vertical dashed lines represent the
locations where EDS line profiles were measured. The scale bars
represent 10 ym.

obtained from cross-sectional TEM images (see the Supporting
Information, Figure SS). The mean and standard deviation of
the silicon-to-carbon ratio are summarized in the Supporting
Information, Table S1, with a spatial resolution of 0.1 ym. The
membranes prepared using SWNT gels yield much more
uniform SWNT dispersion than those prepared by SWNT
powders.

Bundling and Orientation of SWNTs in Composite
Membranes. Solid-state X-ray diffraction and scattering are
excellent probes of SWNT bundling, orientation, dimensions
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and dispersion in a solid medium. X-ray diffraction (XRD) with
respect to the Bragg angle 20 can be used for assessing the
bundling of SWNTs, grazing angle X-ray diffraction with
respect to the azimuthal angle ¢ can be used to investigate the
SWNT orientation, and small-angle X-ray scattering (SAXS)
can quantitatively elucidate the dimensions and dispersion of
SWNTs in the composite membranes. The diffraction patterns
of nanotubes forming small bundles are not dominated by
Bragg diffraction but by X-ray scattering. In contrast to ordered
porous materials such as one-dimensional zeolites, MCM-41, or
SBA-1S, the small bundles (e.g,, bundles with fewer than 25
individual nanotubes) in nanotube materials do not provide
sufficient long-range periodicity for Bragg diffraction.*"*%
Hence, an explicit atomic-scale simulation of X-ray scattering
from a finite-size bundle is a more reliable tool for predicting
the XRD patterns. Such simulations have been previously
carried out for the aluminosilicate SWNTS and have elucidated
their bundling characteristics in powder form.*' Figure 4a
summarizes experimental XRD patterns from SWNT powder
samples and simulated patterns from different bundling
arrangements. The simulated patterns clearly indicate a
shoulder at 5—6° 260 as being the main difference between
isolated SWNTs and bundled SWNTs. Considering the
presence of this peak at 5—6° 260 in the XRD pattern of as-
synthesized SWNT powder sample, it has been concluded that
the SWNTs in the powder samples are not individually
dispersed but instead form small 2 X 2 or triangular bundles.*!
Simulated XRD patterns of SWNTs with various bundling
arrangements (3 X 3, 4 X 4, etc.) were also reported in our
previous work.*'

The XRD patterns of PVA/SWNT membranes prepared
from powder samples (Figure 4b) show clear shoulder peaks
for pwd-2, pwd-3, and pwd-4, indicating that the SWNT
powders do not fully redisperse into individual SWNTs in the
composite membranes. This observation is consistent with the
SEM images, where SWNT agglomerated particles are observed
in the PVA matrix. The shoulder peak in the pwd-1 sample is
more difficult to observe due to the low signal-to-noise ratio of
the nanotube scattering intensity at low volume fractions. The
sharp peak at 19.5° 26 in all the membrane samples is due to
the crystallinity of PVA polymer chains,® and is also observed
in pure PVA membranes (see the Supporting Information).
Composite membranes prepared using SWNT gel samples
(gel-1, gel-2, and gel-3) show the absence of the shoulder peak
at 5—6° 26 (Figure 4c), and these experimental patterns match
the simulated pattern of an isolated SWNT (Figure 4a),
providing clear evidence that the SWNTSs disperse in the PVA
matrix as isolated SWNTs. The PVA chains may effectively
penetrate the loosely coordinated network of SWNT-water
bonds existing in the gel, but are not likely able to penetrate the
interstices between SWNTs in the powder. In other words, the
methodology of preparing PVA/SWNT composites starting
from SWNT gels overcomes the problem of obtaining
individually dispersed SWNTs in a polymer matrix with high
loadings (> 20 vol %)."%*” An XRD “rocking curve” analysis for
assessing the degree of orientation of SWNTs in the PVA
matrix is presented in the Supporting Information. These
results suggest that the SWNTs are almost randomly oriented
in the membranes prepared from SWNT gels as well as
powders.

Small-angle X-ray scattering (SAXS) can be used to assess
the intertubular distances between SWNTs in the polymeric
matrix. For well-dispersed cylindrical particles, the trans-
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Figure 4. (a) Experimental SWNT XRD pattern (bottom), and
simulated XRD patterns of isolated SWNTs and SWNT bundles with
different bundling arrangements. The arrows indicate the shoulder
peak distinctive to bundle formation. (b) XRD patterns for PVA/
SWNT membranes prepared from SWNT powders. (c) XRD patterns
for PVA/SWNT membranes prepared from SWNT gels. The arrows
in a—c) point out the “shoulder” in the patterns.

formation of SAXS data from the momentum transfer (Q)
domain into the spatial (d) domain is given by®'~*

g(d) =

(2;2 /7 1@ aasin(@)exp( ~ DQY)dQ
1)

Here, d is the inter-tubular distance, g(d) is the distribution
function of the inter-tubular distance, Q is the X-ray
momentum transfer, I(Q) is the scattering intensity (raw data
presented in Supporting Information), and exp(—DQ?) is
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included to remove the “termination effect” of the trans-
formation.**** Generally, the parameter D is of the same order
of magnitude as 1/Q%% and its value is taken as 500 A? for
calculation of all the distance distribution transformations
reported in this paper. The intertubular distance distribution
functions, g(d), for PVA/SWNT membranes prepared from
SWNT gels are summarized in Figure S. Generally, the most

9(d) (a.u.)

gel-3 gel-2 gel-4 gel-1

T Y T Y T g T

T —r T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

d (A)

Figure S. Inter-tubular distance distribution, derived from SAXS data,
of SWNTs dispersed in PVA/SWNT composite membranes prepared
from SWNT gels.

likely intertubular distance as well as the width of the distance
distribution both decrease, as expected, when the SWNT
volume fraction increases from 7.6% (gel-1) to 19% (gel-3).
However, at higher volume fractions of 37% (gel-4), the
distribution width and the most likely intertubular distance
increases, perhaps due to the onset of bundle formation in the
gel-4 sample as suggested by the XRD data. The most likely
intertubular distance as read from Figure 5 is compared to the
theoretical average intertubular distance between dispersed
SWNTSs at a given volume fraction in Table 1. The two

Table 1. Intertubular Distance, Outer Radius, And Length of
SWNTs in PVA/SWNT Composite Membranes Prepared
from SWNT Gels

SWNT vol %
8 20 33 38
d from theoretical calculation (nm) 6.9 43 34 32
d from SAXS analysis (nm) 5.6 4.7 4.0 5.0
r, from SAXS analysis (nm) 1.15 1.15 1.12 1.20
L from SAXS analysis (nm) 380 550 580 500

quantities are in close agreement for samples gel-1, gel-2, and
gel-3. In conjunction with the XRD data, this further shows that
the SWNTs in these membranes are uniformly distributed as
individual nanotubes in the PVA matrix. On the other hand, the
theoretical intertubular distance for the gel-4 sample is much
smaller than the distance deduced from SAXS data, suggesting
that the intertubular distance distribution for gel-4 is influenced
by the formation of SWNT bundles instead of individually
dispersed SWNTs.

Other than providing the intertubular distance information,
the SAXS data can be fitted to yield information on the
dimensions of SWNTs. The raw SAXS data and fits are
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presented in the Supporting Information, and the fitted
parameters (SWNT length and outer diameter) for different
samples are summarized in Table 1. The SWNT dimensions
from SAXS data fitting are in excellent agreement with the
range of dimensions of individual SWNTs obtained in previous
reports using a variety of techniques.*”*~

Mixture Separation by PVA/SWNT Composite Mem-
branes. Recent computational studies suggest that the
aluminosilicate SWNTs allow a high water diffusivity (10~ to
107 cm?/s)*** that is one to two orders of magnitude higher
than in other microporous materials such as zeolites,*” and also
a high adsorptive water selectivity over alcohols (greater than
50 for a 1:9 water:methanol mixture).**** PVA also has high
water selectivity over organics, and is the dominant polymeric
material used in pervaporation membranes that dehydrate
organic/water mixtures for applications such as bioethanol
production.”””" We hypothesize that PVA/SWNT composite
membranes could allow higher throughput in such applications
(because of the high permeability of water in PVA) while
maintaining a high selectivity over organic molecules. In this
section, we investigate this hypothesis by a combination of
experimental pervaporation measurements, transport modeling,
and molecular simulations.

The permeation properties of PVA/SWNT composite
membranes prepared from SWNT powders and SWNT gels
were measured by pervaporation at 60 °C with an 80 wt %
ethanol feed solution. The raw data are present in the
Supporting Information and the permeability and selectivity
results are summarized in Figure 6 as a function of the SWNT

370
{60
{50
{40
{30

4120

Permeability (Barrer)

Figure 6. Water (solid squares) and ethanol (solid circles)
permeability, and the water/ethanol selectivity (open triangles), of
PVA/SWNT membranes prepared from SWNT powder (black solid
lines) and SWNT gel (red dashed lines) with different SWNT volume
fractions.

volume fraction (®;), and the raw pervaporation data are
presented in the Supporting Information. Membranes prepared
from SWNT gels show a monotonic water permeability
increase with SWNT volume fraction. The water permeability
of membranes prepared with SWNT powders show no
significant improvement at lower volume fractions, but the
permeabilities increase abruptly after @ = 0.2. Similar trends
are found for the ethanol permeability. The intrinsic membrane
selectivity (S,aer/ethanot) is defined as the ratio of the water and
ethanol permeabilities, and the values are shown in Figure 6.
Membranes prepared from SWNT gels show a monotonic
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decrease in selectivity from S8 (pure PVA) to 35 (®; = 0.4).
Membranes prepared from SWNT powders show no change in
selectivity at low SWNT volume fractions, but the selectivity
drops dramatically to below 5 at a higher volume fraction.
These results indicate that the properties of membranes made
from aggregated SWNT powders are likely affected by the
occurrence of defects such as interfacial voids. Therefore, the
following discussion focuses only on the composite membranes
made from SWNT gels.

To gain more insight into the above membrane properties,
we computationally estimated the expected water/ethanol
separation performance of the SWNT at our operating
conditions, and coupled this information with our recently
developed model for estimating the permeability of composite
membranes with tubular fillers. Figure 7 shows the predicted

10° { —O— Selectivity of water over ethanol 7100

—— Permeability of water

—@— Permeability of ethanol
o
= 8
S 10
~ w
2 110 §
3 2
© £
] H
E :
o 104
'

11
T T T
0.1 1 10

Total Pressure (kPa)

Figure 7. Predicted water and ethanol permeabilities, and water/
ethanol selectivity, of the SWNT at different pressures as obtained
from grand canonical Monte Carlo and molecular dynamics
simulations.

permeabilities of water and ethanol, and S, r/canoy Of the
aluminosilicate SWNT in the pressure region relevant to the
pervaporation measurements (0.1—45 kPa), as obtained from
molecular simulations of adsorption and diffusion (as described
in the Methods sections). At higher total pressures (greater
than 1 kPa), the SWNT shows excellent water permeability
(four orders of magnitude higher than that of PVA). At low
total pressure (below 1 kPa), the SWNT has significantly
diminished permeability, which is nevertheless two orders of
magnitude higher than that of PVA. The ethanol permeability
of the SWNT does not exhibit a strong pressure dependence,
and is approximately two orders of magnitude higher than that
of PVA. As a consequence, the SWNT is estimated to have a
high intrinsic Ser/ethanol ©f S5—75 at higher pressures, but a
Swater/ethanol Of approximately unity at low pressures. Our
molecular simulations provide clear mechanistic insight into
this phenomenon. At low pressure, both water and ethanol
transport are dominated by the strong surface interactions
between these molecules and the hydroxyl groups lining the
SWNT wall. Strong hydrogen bonding leads to relatively slow
surface diffusion of both molecules. At higher pressures, water
fills the SWNT pore to a much greater extent than ethanol,
forming multilayers in the SWNT channel and exhibiting
almost bulk-liquid-like diffusive behavior. The predicted high
selectivity in this regime is mainly driven by strong preferential
filling of water in the SWNT's and not by diffusivity differences,
as shown in our previous work, ?**
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Using the above information on the permeability of the
SWNT, we interpret the experimental pervaporation results
with a macroscopic transport model. The Kang—Jones—Nair
(KJN) model has been derived specifically for composite
membranes with tubular fillers that possess perfectly aniso-
tropic 1D transport properties.”” For a fixed tubular filler
orientation, the KJN model predicts the effective permeability
(P.g) of the composite membrane as a function of the filler
volume fraction (®y)

Beff _
Pm
-1
0 y 2 1
1 — #q) 4 — D¢
cos O + —sin O Prl cos® + —sin 0
o o
()

where P, and P; are the permeabilities of the matrix and the
filler, respectively, 0 is the filler orientation with respect to the
membrane transport direction, and «a is the aspect ratio of the
tubular filler (length divided by outer diameter). This relation
extends to a composite membrane with a random distribution
of filler orientations

—1
@_E /E/Z Bn 40
P 2 0 Pff,e

m €

©)

where P, ¢y is the permeability when the filler is aligned at an
orientation 6 (eq 2). The KJN model somewhat underestimates
the effective permeability and can be considered as a lower
bound, whereas the Hamilton-Crosser (HC) model”*”* for
isotropic cylindrical fillers can be utilized as an upper bound for
predicting the effective permeability of the composite
membranes

Bg  Pr+ SBn - S(Bn — Pp)®s
Pr + SP, + (Pm — Pf)q)f

P

m

4)

The model predictions are compared to experiment in Figure 8.
The experimentally measured water and ethanol permeabilities
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Figure 8. Comparison of water permeability and water/ethanol
selectivity obtained from pervaporation experiments (solid squares),
predictions of the KJN model (open circles), and predictions of the
HC model (open triangles), for PVA/SWNT membranes prepared
from SWNT gels.
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Figure 9. XRD patterns highlighting the crystalline phase in the PVA matrix, for the pure PVA and the PVA/SWNT composite membranes. The
black dots are raw experimental data. Each pattern is fitted by two Gaussian distributions, representing the crystalline phase (blue) and the
amorphous phase (purple), respectively. The red curves represent the summation of contributions from both the crystalline and the amorphous

phases.

of PVA are used for the matrix (P e = 3.4 X10* Barrer,
Py ethanol = 58 X 107 Barrer). The average water and ethanol
permeability of the SWNTs (from Figure 8) are Py, = SX10°
Barrer and P, eano = 1.1 X 107 Barrer. The aspect ratio is o =
217 (as derived from the SAXS analysis, Table 1), and the fillers
are taken to have a random orientation distribution (as known
from XRD data above). Although the molecular simulations
predict that the SWNT permeability varies by two orders of
magnitude between low- and high-pressure conditions (Figure
7), it was found that the membrane permeation model results
are insensitive to the SWNT permeability because the SWNT
permeability is at least two orders of magnitude greater than the
permeability of the matrix (PVA) at all pressures. It is well-
known that the effective permeability of a composite membrane
becomes insensitive to the filler permeability when it exceeds
the matrix permeability by more than a factor of 100. The KJN
model predictions of the water permeability are in good
agreement with the experimental results except at ®; = 0.4,
whereas the HC model considerably overestimates the
membrane permeability.

Both the KJN and HC models predict a higher water-over-
ethanol selectivity than the experimental observations. Due to
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the high water selectivity of both PVA (experimentally known)
and the SWNT (predicted by molecular simulation), the
effective membrane selectivity in both models becomes
insensitive to the SWNT volume fraction. A pronounced
deviation of both permeability and selectivity from the KJN
model prediction is observed at higher ®; = 0.4 for the
membranes prepared from SWNT gels. On the other hand, the
membranes pwd-1 and pwd-2 prepared from SWNT powders
maintain the water permeability and water/ethanol selectivity at
the expected level (similar to the pure PVA membrane). These
observations can be explained by several potential mechanisms,
of which two appear to be most likely. Firstly, it is possible that
the lower experimental value of the selectivity reflects an
inaccuracy in the predictions of water selectivity in the SWNT.
The permeability of ethanol during binary permeation along
with water through the SWNT could be substantially different
from the single-component permeability. A second possibility is
the occurrence of changes in the microstructure and transport
properties of the PVA matrix in the presence of large quantities
of SWNT fillers and a large interfacial area between the PVA
matrix and the outer surfaces of the SWNTs. For example, the
molecular-scale structure of the PVA chains and the swelling
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Figure 10. (a) Large spectral region of the 'H spectra for the pure PVA (black) and the gel-4 (red) samples. The asterisks (*) denote to the spinning
side bands. (b) A narrower spectral region of the 'H spectra for the pure PVA (black) and the gel-4 (red) sample. (c) Normalized peak intensity of
two different carbons (CHOH and CH,) in PVA versus the contact time for both the pure PVA and the gel-4 samples. The black dots are the raw

data and the red curves are the fitted results.

behavior of PVA in the presence of water’®”® could be
significantly altered by the presence of well-dispersed SWNT
fillers. In the membranes made from SWNT gels, the average
intertubular distance is in the range of 3.5—6 nm, so that there
is nanoscale confinement of PVA in the spaces between the
dispersed SWNTs. Furthermore, the nanotube-PVA interfacial
area in these composites is relatively large (0.32—1.5X10"" m?*/
m® membrane volume). As a consequence, the water
permeability and selectivity of the PVA matrix in the
nanocomposite membranes could deviate substantially from
those of the pure PVA membranes, because of altered
molecular transport properties in the nanoconfined PVA chains
and near the PVA/SWNT interfaces, The PVA/SWNT
membranes prepared from SWNT powder samples display
poor dispersion of the SWNTs in PVA and a much lower
nanotube—PVA interfacial area than the PVA/SWNT mem-
branes prepared from SWNT gel samples, and hence the
polymeric matrix remains as a continuous phase with properties
essentially identical to the pure PVA membrane. The pwd-1
and pwd-2 membranes therefore have fairly similar water/
ethanol transport properties as the pure PVA membrane,
because the microstructure of PVA does not change
significantly and the incorporated SWNTs become “inactive
fillers” due to their severe agglomeration. A detailed molecular-
level study of the microstructure and dynamics of the
nanoconfined PVA matrix is presented in the following section.

Crystallinity and Dynamics of PVA. The crystallinity of
the PVA matrix with different SWNT loadings is determined
from the XRD patterns shown in Figure 9. The peak at 19.5° 20
is assigned to the (10T) reflection.”®”” This peak can be
deconvoluted into two parts: a sharp crystalline domain and a
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broader amorphous component. The crystallinity of the PVA
matrix is taken as the ratio of the diffraction intensity of the
crystalline domain to the total intensity. For composite
membranes prepared using the SWNT gels, the crystallinity
monotonically decreases as the SWNT loading increases (from
46% for the pure PVA membrane to 27% for the composite
incorporated with 38 vol% of SWNTs). The cause of the
decrease in crystallinity is perhaps that the well-dispersed
SWNTs interfere with the formation of hydrogen bonds
between PVA polymer chains, impeding the formation of
crystalline domains in the PVA matrix.

Although XRD investigates the crystallinity of the PVA
matrix, solid-state NMR is an excellent tool for studying the
polymer chain dynamics. Specifically, a higher relative intensity
between the central band and the spinning side band in 'H
NMR implies a higher proton concentration and mobility.”®~*
Given approximately the same amounts of sample packed into
the NMR rotor, the PVA/SWNT composite samples would
possess a lower proton concentration from PVA than the pure
PVA membrane. However, a much stronger central-band-to-
spinning-side-band ratio is observed for the gel-4 sample in
comparison to the pure PVA membrane (Figure 10a). This
observation suggests that the protons from the PVA polymer
chains in the gel-4 sample have significantly higher mobility
than in the pure PVA sample. Faster proton dynamics implies a
higher PVA chain mobility in the matrix phase of the gel-4
sample. Furthermore, the spectral resolution for the gel-4
sample is much higher than the pure PVA sample at very
similar experimental conditions (Figure 10b). Peak assignments
for the area of 0-5 ppm are based upon a structure of the
partially crosslinked PVA by glutaraldehyde.*" Peaks between 5
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and 10 ppm in the spectrum for the gel-4 sample are
contributed by protons from SWNTs.*"%® The proton denoted
by “e” at 9—10 ppm in the partially crosslinked PVA structure,
is not observed in the PVA/SWNT composite membrane,
likely because of its low intensity in comparison to signals from
the SWNTs in that region. Because the spectral resolution of
'H NMR can be enhanced by the proton mobility,”®”® the
higher resolution seen in the gel-4 sample also supports its
higher proton/PVA chain mobility in comparison to the pure
PVA membrane. The observed higher PVA chain mobility for
the PVA/SWNT composite membranes is in agreement with
its lower crystallinity (determined by XRD), because
amorphous polymer chains are expected to have faster
dynamics than ordered crystalline polymers.

Additionally, "H—"*C cross-polarization (CP) measurements
with a series of CP contact times () were used to obtain
microstructural and dynamical information on the PVA matrix.
3C CP-NMR spectra were recorded for the pure PVA and the
gel-4 sample with various contact times. In the obtained
spectra, there are two distinct peaks contributed by two
different carbon atoms in PVA (CH, and CHOH). The
representative '*C CP spectra for the pure PVA and the gel-4
membranes are presented in the Supporting Information. The
peak at 45 ppm comes from CH, and the three adjacent peaks
spanning from 60 to 80 ppm are contributed by CHOH with
three different tacticities (from downfield to upfield: mm, mr,
and rr). The intensity of the NMR signals for these two carbons
is estimated respectively from the obtained spectra as a function
of 7. The peak intensity from the raw Bc cp spectra,
normalized by the maximum intensity among the series of
measurements, is summarized in Figure 11. Two time
constants, Tll,(lH) and Tcy, can be derived by ﬁttins% the
normalized peak intensity with the following equation®”

M) | e/ Tp(H) _ =7/ Ten

1
My 1- TCH/Tlp( H)

)

where M(7) is the intensity for a specific carbon in the *C
spectra at a given contact time and M, is the maximum peak
intensity among the performed experimental series. The
derived T,,('"H) and Ty are summarized in Table 2.

Table 2. Parameters Derived from Contact Time
Measurements on Pure PVA and gel-4 Samples

T,,('H) (ms) Tcy (ms)
CHOH CH, CHOH CH,
pure PVA membrane 4.98 4.48 0.25 0.14
gel-4 2.25 1.96 0.20 0.13

For semi-crystalline materials (such as the prepared PVA/
SWNT membranes), the amorphous phase acts as a relaxation
sink. The constant Tll,(lH) for semi-crystalline materials
represents the spin-diffusion time for the nuclear magnetization
from the crystalline phase to the amorphous phase. The
crystalline domain size, (x), can be correlated to T',('H) as (x)
~ (D,T,,("H))"?, where D is the spin-diffusion coefficient.****
The lower Tlp(lH) values of CH, and CHOH for the gel-4
sample in comparison to the pure PVA membrane, suggest that
the SWNT-containing PVA matrix has a smaller crystalline
domain size than pure PVA. On the other hand, the constant of
Tcy represents the characteristic time for polarization transfer
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from the protons to the carbon nuclei.**** The value of Ty is
thus determined by both dynamical and structural effects: the
mobility of the carbon adjacent to protons, and the proton
concentration around the carbon. Specifically, a short Ty
implies low carbon mobility or fewer protons in its immediate
environment.***® However, similar T values are observed for
the pure PVA and the gel-4 sample. Because our investigation
suggests a higher polymer chain mobility for the gel-4 sample,
the observation of similar Ty values is attributed to the fact
that the carbons in the PVA/SWNT composite membranes
have a larger number of adjacent protons, because of the
presence of SWNTSs with a dense coverage of hydroxyl groups
on their outer surfaces.

B CONCLUSION

We have demonstrated the fabrication and detailed character-
ization of nanocomposite membranes containing a high loading
(up to ~40 vol %) of aluminosilicate single-walled nanotubes
(SWNTs) well-dispersed in a PVA matrix. PVA/SWNT
membranes prepared using SWNT gels were characterized by
XRD (including rocking curve measurements), EDS, and SAXS
measurements and analysis. These membranes show high
uniformity, excellent dispersion of individual SWNTs (up to
~30 vol %), and the onset of bundle formation (3-4 SWNTs
per bundle) at a SWNT loading of ~40 vol %. Analysis of SAXS
data reveals the SWNT dimensions and the intertubular
distance distribution. The transport properties of the PVA/
SWNT membranes relevant to applications in the dehydration
of ethanol/water mixtures, were investigated by pervaporation
measurements, molecular simulation, and transport modeling.
The membranes substantially enhance the water throughput
with increasing SWNT volume fraction (up to 200% higher
water permeability than pure PVA membranes at a SWNT
loading of ~40 vol %), but led to a moderate reduction of the
water/ethanol selectivity from 58 (pure PVA) to 35 (SWNT
loading ~40 vol %). Detailed XRD and solid-state NMR studies
suggest that the reduction of water/ethanol selectivity is likely
due to the microstructural change of the PVA matrix with
incorporation of SWNTs. Specifically, the crystallinity of the
PVA matrix goes down (from 46 to 27% with 38 vol % SWNT
incorporated) and the mobility of PVA chains increases with
the presence of SWNTs in the matrix. This study shows that it
is possible to fabricate SWNT/polymer nanocomposite
membranes with a high-quality microstructure by inexpensive
solution processing techniques, and gain insight into their
permeation properties by a combination of experimental
measurements and predictions by computational and theoreti-
cal methods.
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Detailed estimates of SWNT volume fraction in the PVA/
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