I. INTRODUCTION

In recent years significant research has been carried out aimed at developing a
fundamental understanding of the phenomena involved in the transport of mixtures in
nanoporous systems, such as adsorbents and membranes, which are crucial to many
industrial separation processes. Carbon molecular-sieve membranes (CMSM) were the
key focus early on in our DOE/BES-supported investigations (see Section II below).
They are thought to be more stable and versatile than polymeric membranes, and capable
of operating at higher temperatures, up to 300 °C. In our research the emphasis was on
understanding the factors determining the ability of the CMSM to separate mixtures
based on differences in molecular mobility, and in affinity to the pore surface. Our study
involved: (1) the preparation and characterization of the CMSM; (2) the computational
modeling of their structure, and (3) the measurement and computer simulations of
sorption and transport of mixtures through the membranes. The membranes developed
are currently undergoing field-testing by Media & Process Technology (M & PT), our
industrial collaborators in the project.

In this research project we adopted the methodology and tools developed with the
nanoporous CMSM to the preparation of novel membranes and films made of SiC."” Our
efforts were motivated here by the growing interest in the hydrogen economy, which has
necessitated the development of robust nanoporous films that can be used as membranes
and sensors in high-temperature and pressure processes related to H, production. SiC is a
promising material for these applications due to its many unique properties, such as high
thermal conductivity,® thermal shock resistance,” biocompatibility,® resistance in acidic

and alkali environments,9 chemical inertness (e.g., towards steam, H,S, NH3, and HCI, of



particular concern for H, production from biomass and coal), and high mechanical
strength.'”!" Though the CMSM exhibit many similar good properties, they are
themselves unstable in the presence of O, and steam at temperatures higher than 300 °C
(conditions typically encountered in reactive separations for H, production). Other
inorganic membranes, like ceramic (e.g., alumina, silica, and zeolite) and metal (Pd, Ag,
and their alloys) membranes have, so far, also proven unstable, in such high-temperature
applications in the presence of steam and H,S.

The preparation of SiC nanoporous membranes involves two important steps.
First, the preparation of appropriate SiC porous supports,” and second the deposition on
these supports of crack- and pinhole-free, thin nanoporous SiC films.'*** Our early
research, in collaboration with M & PT, focused on the preparation of quality porous SiC
substrates.’ Our recent efforts involved the deposition of thin nanoporous films on these
substrates by the pyrolysis of pre-ceramic polymeric precursors.” We have made
substantial strides in this area (as discussed further in Section II) preparing hydrogen-
selective membranes and films.

The objective of the project was not only to advance the “state-of-the-art” of
preparing the SiC membranes and films, but also to significantly broaden our
understanding of factors that determine the ability of the SiC materials to separate gas
mixtures, based on differences in molecular mobility and molecule-pore surface
interactions. It is only such an improved fundamental understanding that will lead to
further substantial improvements in the techniques for preparing such materials. In our
studies we proceeded along two paths: (1) the preparation and characterization of SiC

membranes, and the computational modeling of their molecular structure, and (2) the



measurement and simultaneous computer simulation of sorption and transport of mixtures
through the membranes. Coupling experiments and simulations facilitated our efforts to
relate the membrane's structure with its transport properties, and separation efficacy.
This, in turn, enabled progress towards the long-term goal of first-principle molecular
engineering and design of improved materials for adsorption and separation.
Understanding the transport characteristics of gas mixtures in SiC membranes is a
problem of technological significance, as well as challenging technical complexity. A
number of important issues that our study addressed, which are generic to the area of
transport of gas mixtures through nanoporous systems, included:
e The effect of preparation conditions on the degree and size/scale of heterogeneity of
the membrane materials, and its implications for the degree of molecular-level
understanding attainable. Using the fundamental understanding at the nanoscale level to
predict the overall transport and sorption behavior is a classical problem, which has yet to
receive a satisfactory solution. The novel approaches that were developed here, e.g., of
coupling network simulations at the macroscale level with detailed atomistic calculations
at the nanoscale level have provide, in our opinion, great promise and are worth pursuing
further. With the advent of modern computational techniques, of course, the interface
between what is possible and not possible to simulate is constantly shifting, and the
possibility of full atomistic simulations at the meso- and even the macro-scale level may
not be that far away.
e The relationship between atomistic models of nanoporous materials with the
structures prepared and studied experimentally. For studying amorphous nanoporous

materials, one has at his/her disposal an array of techniques, such as surface analysis,



low-pressure sorption experiments, and transport measurements, all of which we used in
this research. These techniques, to a varying degree, provide macroscopic rather than
molecular-level understanding. A key issue that our research addressed is how atomistic
structural models of SiC surfaces, validated with experiments using dense, solid thin
films, performed in predicting the behavior of nanoporous systems. One key observation
with the SiC materials (see discussion in Section II, below) is that transport
characteristics of mixtures, predicted by atomistic calculations, are sensitive to the
atomistic model parameters.
Il. SUMMARY OF KEY PROJECT FINDINGS

Nanoporous membranes and adsorbents are important industrially. Though
progress has been made in understanding their behavior, fundamental issues still remain
unresolved. Chief among them is the effect of the material’s morphology, such as its pore
size distribution (PSD) and interconnectivity, on its transport characteristics and its
ability to separate gas mixtures. Our project initially focused on the study of the transport
and separation of gas mixtures through nanoporous CMSM. Our findings, as well as the
methodology and tools developed, however, are of general applicability to all nanoporous
materials prepared through the pyrolysis of polymeric precursors, including SiC
membranes, which became the focus of the latter phases of our research. The following
describes our key findings of our Project.
I11. Theoretical and Simulation Results

Towards gaining a deeper understanding of the transport/separation of gas
mixtures in these materials, we developed realistic molecular models of the CMSM. A

key focus was the development of an algorithm for generating 3-D porous CMSM



structures based on a Voronoi tessellation of space. As a first approximation, the solid
membrane matrix was taken to consist of carbon (C) atoms with a graphitic structure.
Large 3-D molecular pore networks were then generated by tessellating a simulation box
of such C atoms by inserting a number of Poisson points (each utilized to construct a
single Voronoi polyhedron), and designating a fraction of the polyhedra as the pores,
with the remaining representing the solid matrix. The porosity and PSD of such a pore
network can be controlled by adjusting the number of Poisson points and the procedure of
allocating the pore space polyhedra. The structural model produces PSD in close
agreement with the experimental data. We studied by MD simulations the adsorption of
gas mixtures in such CMS molecular pore networks. To generate a realistic
representation of the CMSM solid structure, we also developed efficient algorithms for
generating such amorphous structures. We start with a crystalline C material (e.g.,
diamond), and heat it up (through MD simulations) until the material melts. We then
quench the melted material back to the desired temperature, generating in the process an
amorphous C material. We used the Brenner semi-empirical potential to represent the
bonding between the C atoms. In order to speed up the computations, we use a parallel
computational strategy. To create the CMSM pore structure, the simulation box is
tessellated using the Voronoi algorithm. Non-equilibrium molecular dynamics (NEMD)
simulations of the transport of gas mixtures in the 3D porous structures were carried out.
We also carried out NEMD simulations in the CMSM of the transport of CO,,
CHy,, and their mixtures under high-pressure, subcritical and supercritical conditions. The
effect of various factors, such as the membrane's pore size, pore structure, fluid

composition, temperature, and external pressure gradient, were investigated in detail. We



showed that, under such conditions, there is an optimal pore size and external pressure
gradient during separation of a mixture into its constituents. We also considered mixtures
of CO, and CH4 together with low M.W. alkanes. We carried out experimental
investigations of such mixtures in CMSM, as well as NEMD simulations in carbon
nanopores at low (<10 atm) pressures. We showed that the 3-D membrane structure plays
a fundamental role in mixture separation, significantly more so than for the CO,/CH4
case, and the single carbon nanopore is not an adequate model of the CMSM. This
validates the need for using the 3-D models. To simulate mixtures of CO, with longer-
chain flexible alkanes, we developed a NEMD code making use of a united-atom model,
in which the CH; and CHj3 groups are considered as one interaction site. Bending and
torsion potentials are included, and bond lengths are kept constant using the RATTLE
algorithm. We also applied the configurational-bias Monte Carlo method in the NEMD
control volumes, and studied the effect of the pore structure, and the imposed external
potential on quantities such as the fluid fluxes, and the adsorption isotherms for a range
of conditions. We also studied experimentally the separation characteristics of
hexane/CO, mixtures under high-pressure subcritical/supercritical conditions utilizing
nanoporous CMSM. In addition to providing a reality check for our simulations, these
studies are of practical interest in the use of such membranes in various environmental
applications, including in situ soil remediation.
112. Experimental Results

As noted previously, the methodology and tools developed for the CMSM were
utilized in the latter phases of our project for the study of SiC nanoporous membranes.

Though CMSM exhibit many good properties, they are themselves unstable in the



presence of O, and steam at temperatures higher than 300 °C (conditions typically
encountered in reactive separations for H, production). SiC is a promising material for
these applications due to its many unique properties, particularly its chemical inertness
towards steam, H,S, NH3, and HCI, of key concern for H, production from biomass and
coal. Two different approaches have been utilized. One involves using CVD/CVI
techniques, by which we have succeeded in preparing defect-free nanoporous membranes.
The second approach involves the pyrolysis of pre-ceramic polymeric precursors, and
was the technique of choice in this project.

Prior to our own study, we knew of only a handful of previous studies using
CVD/CVI to prepare porous SiC membranes. None of these studies, however, reported
the preparation of defect-free, nanoporous SiC membranes. Hong and Lai'® used a hot-
wall CVD reactor with the SiH4/C,H,/NHj3 system. SiC-Si3N4 nanoparticles were formed
in the gas phase at 1323 K, and deposited on and within the pore structure of a
macroporous o-alumina support disk. The deposition resulted in a decrease in the average
membrane pore size from 0.3 p to 0.21 p, and in a reduction in permeability by ~ 20%.
Takeda et al'’ prepared SiC membranes by CVI into y-Al,O; membrane tubes, using
SiH,Cl,/C,H, in H,, supplied to the porous tube during heating at 800-900 °C, followed
by a period of evacuation. The support tube was subjected to a number of CVI evacuation
cycles, each cycle reducing the H, permeance through the membrane. The final
membranes had a H, permeance of 1x10® mol.m™?.s'.Pa’ at 350 °C, with an ideal
selectivity towards N, of 3.36 (the Knudsen value is 3.74). Lee and Tsai '® prepared
asymmetric SiC membranes by low-pressure CVD of SiHs/ CoH,/Ar mixtures at 800 °C

on the surface of Al,Os-doped SiC macroporous supports. The support itself had an



asymmetric structure, i.e., the Al,O3 content decreased from its center to the surface. The
CVD process reduced the pore size from 297 nm to 14 nm, at the cost, however, of a
large reduction in permeance. Sea et al."” formed a SiC membrane within the pores of
support tube via CVD of (C3H7);SiH (tri-isopropylsilane or TPS) at 700-750 °C. After
CVD, the resulting membrane was calcined at 1000 °C in Ar. XPS analysis showed the
membrane to consist of pure SiC. The membranes were tested with pure-gas (He, Hy, Na,
CO,, H,0, CHy, propane, i-butane, and SFs) permeation experiments between 30-400 °C.
A gas permeation test was also carried out with a H,-H,O-HBr mixture at a molar ratio of
0:49:0.5:0.01 between 200-400 °C. Single-gas permeation followed a Knudsen

mechanism, with a H, permeance in the range (4-6) x10”7 mol/m”.s.Pa.
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Fig. 1: SiC membrane thermal stability. Fig. 2: Hydrothermal stability of a SiC

Permeances as a function of time at 500 °C. membrane in steam (1-3 bar) at 400 °C.

The H,:H,O separation factor in the mixture was originally higher than the Knudsen
value (~ 5), but membrane exposure to the mixture at 400 °C resulted in H, permeance
decline during the first 50 h (~ 2.5 times), while the H,O permeance remained constant.
The H, permeance stabilized after that, for the remainder of the run (120 h). Pages et

al.* prepared Si:C:H membranes on alumina supports using plasma-enhanced CVD of
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diethylsilane; the resulting membranes had a permeance in the range of (107-10®) mol
m *s ' Pa ' for H,, but with an ideal separation factor for H,/N; in the range (3-4).

In our work, we have used a preparation procedure which is a variant of that of
Sea et al."”” Our CVD/CVI apparatus and further details are described elsewhere.! We
used y-Al,O3 membranes as substrates for the TPS deposition. They were calcined for 4 h
in air at 1000 °C, which enlarges their pore size from 40 to 100 A, but further treatment at
this temperature leaves their size unaffected. For deposition, the membrane is sealed in a
stainless-steel housing made of Swagelok-type fittings using graphite packing. The
membranes were deposited with TPS in He at 700-750 °C for various times (2-20 min),
until a certain pressure drop across the membrane developed (~ 0.55-0.7 atm). Following
the deposition, the membranes are further annealed at 1,000 °C for 2 h for further
conversion to SiC, and then finally activated at 700-750 °C in the presence of ~ 1.7 atm
of steam to eliminate excess carbon, if present. XRD indicates that the membranes
calcined at 1000 °C are mostly amorphous (SiC converts to a crystalline material at
higher calcination temperatures).

The membranes were then characterized for their permeance, selectivity, and
hydrothermal stability. Depending on the preparation conditions, the He permeance
ranges from 8.06x10™ mol/m’sPa to 1.72x10° mol/m’sPa with a He/N, selectivity from 4
to larger than 100 (He was used in these tests as a safe surrogate gas to H, for the routine
characterization; their H, permeance is approximately 60-70 % of that of He).'” The He
permeance increases significantly with temperature, indicative of activated diffusion,
whereas the permeances of gases with larger kinetic diameters (N, CHs, CO,, CO, and

H,0) decrease with temperature, indicative of Knudsen flow. These H,-selective SiC



membranes exhibit excellent thermal stability at 500 °C for more than 1000 h (Fig. 1.),
and are also stable in high-pressure and -temperature steam (Fig. 2).

The results above highlight the desired separation characteristics and thermal and
hydrothermal stability of the SiC membranes prepared by our group with the CVD/CVI
technique using TPS. The membranes are suitable for applications requiring H,
separation at high temperature and harsh environments. However, the preparation
procedure involves multiple steps, which makes it costly, and requires a very high-
temperature (> 1000 °C) treatment, which places a great burden on glass end-seals and
membrane housing during the CVD/CVI process. More importantly, the high-
temperature post-treatment further modifies the nanoporous structure of the membranes
prepared at lower temperatures. Thus, the final product quality is difficult to predict and
control, and from a membrane-manufacturing standpoint, the advantage of the on-line
control of the CVD/CVI technique is lost. To overcome these challenges, we also
pursued in this project another method for membrane preparation. It involved the
conventional dip-coating technique through the use of a novel pre-ceramic polymeric
precursor, and its controlled temperature pyrolysis.

Pre-ceramic polymers are currently attracting attention for producing ceramics,
because they can be processed and formed at relatively low temperatures compared to the
production of conventional ceramics. For example, ceramic films, fibers, and composites
can all be prepared by shaping and curing of various pre-ceramic polymers, followed by
further pyrolysis in order to obtain the desired ceramic materials.”' > Many different
polyorganosilicon compounds, such as polysilazenes (SiR;NH),> polysilanes

(SiR,Sis)n,>* and polysiloxanes (SiR,0),”° can be used as precursors to ceramics such as
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SiC, SiOC, Si0O,, SiNC, and Si3N4. One of the most important families of SiC precursors
are polycarbosilanes (SiR,CH,), (PCS).””*® The first generation PCS produced by
Yajima et al.*® were cured using O,. Consequently, the final ceramic product was silicon
oxycarbide, containing oxygen in the backbone.

29-31

Morooka and coworkers”™ " used such PCS to produce Si-O-C membranes on y-

and a-Al,O; tubular substrates with an oxygen content of 13-18 wt%, using polystyrene
(PS) as the pore former. A membrane prepared with 1% PS had a H, permeance of 4x10°
*mol/m”.s.Pa and an ideal H,:N; selectivity of 20 at 773 K. The membranes were unstable
in Ar at 1223 K. When exposed to a 7.8 wt.% H,O in He at 773 K, the H, and N;
permeances decreased by half during the first 24 h, and slowly after that for the
remainder of the 72 h experiment. Suda et al.** followed a similar approach to prepare
SiC membranes, but did not test their hydrothermal stability. Related is the work of Lee
and Tsai,”* who prepared Si-O-C membranes by the pyrolysis of polydimethylsilane
(PMS). The PMS layer undergoes a thermolytic reaction at 733 K for 14 h under 1 atm of
Ar (and is, likely, converted to a PCS-like material>>*?), followed by O, curing at 473 K
for 1 h. The layer was finally pyrolyzed at various temperatures from 523 to 1223 K to
produce the membranes. The membrane pyrolyzed at 873 K had the best separation
characteristics, exhibiting a He permeance of ~ 1.4 x10™ mol/m”.s.Pa, a H, permeance of
~ 2.7 xlO'gmol/mz.s.Pa, and an ideal H,:N; selectivity of 20 at 473 K. Membranes
prepared at higher temperatures were not microporous. Exposure to steam increases the

permeance, and returns the separation selectivities to their Knudsen values.’® The

materials were all XRD amorphous, consistent with prior work on silicon oxycarbide,”
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showing that these materials convert to SiC only at temperatures >1400 °C, with emission
of CO and SiO.

More recently, newer PCS types have been developed, which use other curing

37,38 39

methods, such as UV radiation, electron beam,”” or heat treatment under an inert
atmosphere,”’ in order to achieve a low-oxygen content in the final product, and with a
Si:C ratio ~ 1. In our own research we utilize allyl-hydridopolycarbosilane (AHPCS), a
partially allyl-substituted hydridopolycarbosilane (HPCS). Allyl substitution provides an
added degree of control over the Si:C ratio, and the ceramic yield. Use of HPCS was first
proposed by Interrante et al.*'*** The primary pyrolysis product of both HPCS and
AHPCS is a SiC ceramic. The increasing fraction of allyl groups slightly increases the
carbon content and also makes the polymer cross-linkable at lower temperatures. In our
initial efforts' the membranes were prepared with conventional dip-coating of
macroporous SiC flat-disk substrates, made by pressureless sintering of SiC powders (the
use of appropriate SiC substrates is key in the preparation of defect-free membranes, as
the alumina substrates used in all prior investigations have different thermal expansion
coefficients than the nanoporous SiC film, and are, therefore, prone to cracking during
thermal cycling). The membranes possessed H, permeance in the range (10°*-107) mol
m?’s! Pafl, and had an ideal separation factor of about 20 for Hy/N, at 200 oct, They
proved thermally stable, but did not fare well in the presence of high-temperature steam,
proving unstable. Since our early study’, two other groups have prepared membranes by

pyrolysis of PCS-type polymers cured in the absence of O,. Suda et al.*’

prepared SiC
membranes by dip-coating PCS on a-alumina tubes (PS was used as the pore former for

some of the membranes). Their membranes exhibited ideal separation factors of (90-150)
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for Hy/N,, and H, permeance in the range of (1-3) x 10® mol m? s Pa'at 373 K.
Nagano et al.*® prepared SiC membrane by dip-coating of PCS on y-alumina supports,
and reported H, permeance ~10" mol m 2 s™' Pa™', and an ideal separation factor of (8-
12) for Hy/N, at 873 K.

In summary, previous studies presented only single-gas permeation data.
Moreover, other than the membranes prepared by our group using TPS CVD', the rest
were shown to be unstable in steam. Our initial membranes prepared by AHPCS
pyrolysis' showed good separation factors and thermal stability, but also proved unstable
in steam. Subsequent to our initial effort', we focused our attention on developing a
technique combining slip-casting with dip-coating’ to significantly improve the
reproducibility in preparing high quality membranes on tubular macroporous SiC

substrates.

Fig. 3: SiC tubular supports sintered at 1700 °C for 3 h.

These were prepared using uniaxial cold-pressing of B-SiC powder together with the

appropriate sintering aids. Planar supports used in the initial stages of the project, though
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appropriate for the study of membranes at the lab-scale, are not suitable for scale-up and
the preparation of large area membranes. In the latter stages of our project these
substrates were, therefore, replaced with tubular SiC supports. Fig. 3 exhibits several
such SiC supports, prepared using a home-made die. They were characterized using SEM,
Archimedes, and permeation techniques (the supports in Fig. 3 have a porosity of ~28%,
average pore size of 150 nm, tortuosity of 2).

The membranes prepared by combining slip-casting with dip-coating of these
substrates exhibited an ideal H,/CO, selectivity in the range of (42-96), a H,/CH,4 ideal
1

selectivity in the range of (29-78), and H, permeance in the range (10°-10) mol m?’s

Pa 'see Table 1.

Table 1. Range of single-gas permeances and separation factors, measured at 200 °C, prepared by

pyrolysis at 750 °C for 2 h.

Single gas

H> CH, CO,

Permeancex10®

, 1 L 0.54-1.18 0.007-0.041 0.006-0.028
(mol m=* s~ Pa~)

S.F. (Hzgas) 20-78 42-96

Extrapolated to a temperature of 500 °C, the expected permeance for H, is of the order

~' Pa”'. By comparison, Pd and Pd-alloy membranes exhibited, around

~107 mol m™* s
500 °C, permeances in the range (107-10®) mol m* s™' Pa~'. However, Pd membranes

are known to be sensitive to the presence of H,S and hydrocarbon impurities; use of Pd-
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alloy membranes (e.g., Pd-Ag) also faces challenges for long-term usage at temperatures
significantly higher than 500 °C. Separation factors measured with the same membranes,
using equimolar binary mixtures of H, in CO, and H; in CH4, were similar to the ideal
selectivity values. More importantly, steam stability experiments with the membranes
lasting 21 days®, using an equimolar flowing mixture of He/H,O at 200 °C, indicated
some initial decline in the permeance of He, after which the permeance became stable at

these conditions.
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Fig 4: SEM pictures showing the cross-section and the top view of a SiC membrane

Slip-casting results in the formation of a film which adheres strongly onto the
underlying SiC support, and provides a strong anchor for the thin dip-coated films. It is
this film that is responsible for the superior hydrothermal stability of these membranes
(compared to our initial membranes', which were prepared without support surface
conditioning). In addition, the success rate in preparing “good” microporous membranes
using the porous SiC tubes modified by slip-casting was much higher than when
preparing membranes using the original support tubes. Figure 4 is the SEM picture of the
cross-section and the top surface of one of these membranes. The thickness of the

membrane layer is about 2 p, and sits on the top of the SiC support.
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Our most recent efforts make use of sacrificial interlayers for the preparation of
nanoporous SiC membranes.” The method involves periodic and alternate coatings of
polystyrene sacrificial interlayers and SiC pre-ceramic AHPCS layers on the top of slip-

casted tubular SiC supports (a schematic of the preparation process is shown in Fig. 5).

Support

Slip-casting and pyrolysis

Q4

Dip-coating in polystyrene as sacrificial barrier

Dip-coating in pre-ceramic polymer

Pyrolysis and decomposition of sacrificial interlayer

Fig. 5: A schematic of the new preparation technique.
Membranes prepared by this technique exhibit single-gas ideal separation factors of He
and H, over Ar in the range of (176-465) and (101-256), respectively,” with permeances
that are typically two to three times higher than those of SiC membranes prepared
previously by us by the more conventional techniques (see Table 2).* Mixed-gas
experiments with the same membranes indicate separation factors as high as 117 for an
equimolar H,/CH, mixture.” We speculate that the improved membrane characteristics
are due to the sacrificial interlayers that fill the pores in the underlying structure and

prevent their blockage by the pre-ceramic polymer.
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Table 2. Range of single-gas permeances and separation factors, measured at 200 °C, for

membranes prepared by pyrolysis at 750 °C for 2 h.

He H, Ar
Permeancex10®
. 1 L 1.8-4.3 1.05-2 0.01
(mol m==s—" Pa™)
S.F. (gas/Ar) 176-465 101-258

We have succeeded with our technique in increasing the membrane permeance,
but without negatively impacting the membrane separation characteristics. Other
researchers previously employed PS as a pore-forming agent (mixed in the PCS prior to
layer formation) in order to increase the hydrogen permeance,”>"** but their resulting
membranes had a lower separation factor. This was attributed to phase separation and

formation of PS domains during pyrolysis™***’

to form mesoporous and macroporous
regions, and potentially membrane defects. Sacrificial layers to prepare microporous
inorganic membranes were previously utilized to prepare silica and zeolite membranes.

48,49

Gavalas and coworkers, for example, formed a carbon barrier layer (by

polymerization and carbonization of furfuryl alcohol) inside the support pores during the

50,51 used

preparation of silica and zeolite ZSM-5 membranes. Hedlund and coworkers
wax as a masking layer against infiltration of precursors into the support for preparing
MFI membranes. In these studies, the role of the sacrificial layer was to prevent
infiltration of the membrane layer into the underlying support in order to reduce the

membrane thickness, and to prevent crack formation. Though preventing film penetration

into the underlying porous structure is also one of the roles that the PS sacrificial layers
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play during SiC membrane preparation, their role during membrane formation is likely
more complex, as PS has been shown previously® to impact not only the cross-linking
process, but also the formation of the 3-D pore structure during PCS pyrolysis.
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of carbon dioxide—alkane mixtures in carbon nanopores
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The configurational-bias Monte Carlo method, which is used for efficient generation of molecular
models of n—alkane chains, is combined for the first time with the dual control-volume
grand-canonical molecular-dynamics simulation, which has been developed for studying transport
of molecules in pores under an external potential gradient, to investigate transport and separation of
binary mixtures oh—alkanes, as well as mixtures of g@ndn—alkanes, in carbon nanopores. The
effect of various factors, such as the temperature of the system, the composition of the mixture, and
the pore size, on the separation of the mixtures is investigated. We also report the preliminary results
of an experimental study of transport and separation of some of the same mixtures in a carbon
molecular-sieve membrane with comparable pore sizes. The results indicate that, for the mixtures
considered in this paper, even in very small carbon nanopores the energetic effects still play a
dominant role in the transport and separation properties of the mixtures, whereas in a real membrane
they are dominated by the membrane’s morphological characteristics. As a result, for the mixtures
considered, a single pore may be a grossly inadequate model of a real membrane, and hence one
must resort to three-dimensional molecular pore network models of the membrane.

© 2004 American Institute of Physic§DOI: 10.1063/1.1688313

I. INTRODUCTION Many recent molecular studies have investigated transport of

. . fluid mixtures in nanopores, resulting in a better understand-
Nanoporous materials, such as carbon molecular-sieve

membranegCMSM's) and zeolites, have been used exten—mg of th_e effect of confinement on the behavior of the fluids
and their mixtures.

sively in separation and purification processes involving, for . . .
In this paper, we focus on separation of mixtures of nor-

example, multicomponent gaseous mixtures. The typical .
sizes of the pores in such materials are near molecular dmal alkanes if—alkanes and also mixtures of Coand an

mensions, which enables us to separate the components Opaalkane, by CMSM's. Although separation of-alkanes

mixture on the basis of differences in the rate of transport OPY zeolites has been Stu_d'ed by many groﬁ‘ﬁsqur_study IS, )
the components, their adsorption on the pores’ surfaced0 our knowledge, the fI!’St that investigates they separgpon
and/or the differences in their shapes and molecular sizes. iy CMSM’s. Due to their thermal and mechanical stability
addition, silica aerogels, which are nanoporous materialdnd also_versatility, CMSM's have been used by many
with highly unusual propertieésuch as very high porosity 9roups;°~2°as well as our owf;”**in studies involving
and mechanical strengthand nanoporous thin films have separation of C&¥H,/CH,/N, mixtures. In addition to their
wide applications in manufacturing of low-dielectric con- practical significance, these membranes allow one to carry
stant materials, optical coatings, sensors, and insulatingut steady-state transport investigations, thus significantly
films. simplifying the burden of data analysis and interpretation.
Given the usefulness of nanoporous materials to a wid&oreover, these membranes can be prepared with well-
variety of practical applications, it is clearly important to controlled porosity and a narrow pore size distribution. In
understand how fluids and their mixtures are transported ithis paper, the first one of a series, we report our preliminary
their pore spacé&;*and the mechanisf® by which the mix-  results of experimental studies and molecular simulation of
tures’ components are separated in such nanoporous mateftiansport and separation of several binary mixtures involving
als as membranes. Since the main resistance to any transpgartalkanes in CMSM's.
process in such materials is offered primarily by their nano-  Our molecular modeling is based on nonequilibrium mo-
and mesopores, and due to the exceedingly small sizes @cular dynamicsNEMD) simulation, a technique ideally
such pores, the molecular interactions between the mixture’syited for the experimental situation in which an external
molecules, and also between them and the pores’ walls, agiving force, such as a chemical potential or pressure gradi-
important and cannot be ignored. Hence molecular modelingnt, s applied to the membrane. We utilize a dual control-
of these materials and the transport processes that take plaggiyme grand-canonical MD(DCV-GCMD) technique,
in their pore space have attracted considerable attentiojynich has been used extensively in recent y&4r¥ wWe
have used this method for molecular simulations of transport
dCorresponding author. Electronic mail: moe@iran.usc.edu and separation of subcriticdr*2as well as supercritical fluid
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z TABLE I. The conversion between the dimensionless and the actual units.
Subscript 1 refers to the value of the parameters fop CH
B ¢
% Variable Reduced form
LengthL L*=L/oy
EnergyU U*=Ule,
MassM M*=M/M,
Density p p*=pos
Temperaturel T =kgT/eq
PressureP P*=Poile,
Time t t* =t(e, /IM,05) 2
Flux J J*=Jo3 (M, /e)Y?
L / PermeabilityK K*=K(Me1) ¥ oy
Lﬂ— — - r — ———-— —
| L nL L

FIG. 1. Schematics of the slit pore used in the simulations. ftend ¢

regions represent the high- and low-pressure control volumes, respectivel)(“ MOLECULAR MODELS OF THE GASES
AND THE INTERACTION POTENTIALS

. 3. . , .
mixture$® in carbon nanopores, and in CMSM’s with a pore We consider binary mixtures of GHCsHs,

space consisting of interconnected pdfeshe alkane chains CH,/C4Hyo, and CQ/CsHg. The CH, and CQ molecules
4141110, 3118+

are generated by the configurational-bias Monte Carlg ;
S . . are represented as Lennard-JofieB spheres, characterized
method. To our knowledge, this is the first time that the P P

: . . : . by effective LJ size and energy parametergande. All the
D.CV'GCMD method is _comblned with the configurational- guantities of interest are made dimensionless with the help of
bias Monte Carlo technique.

. . . the CH, parametersg; ande,. Table | lists the conversions
we gz:cﬁlsl: t?]fethlcsjrzarggjljl ?ﬁ’;f U\z’v:n:nléhei:i)ﬁrsgﬁ'&g'_between the dimensionless and dimensional quantities.
P ploy The GHg and GH,;, molecules are grown by a

t|?tns. Nhex:]’ the ?oleggla;hmodelst%f tf;ethgas?ks are dhes.cr'bt?gt)nfigurational-bias Monte Carlo method, which is described

after which we describe e growin of the alkane chains ¥, yne et section. These molecules are represented by a
the configurational-bias Monte Carlo method. We then de'united-atom(UA) model®® In this model, the Chiand CH
scrlttaedthedDCV—lGCI\élD technique. The results are then pre{:)roups are considered as single interaction centers with their
sented and analyzed. own effective potentials. The nonbonded interactions be-

tween interaction centers of different molecules are de-

Il. MODEL OF CARBON NANOPORE scribed with a cut-and-shifted LJ potential,
As the first step toward understanding transport and
separation in CMSM’S of the mixtures of interest to us in this U —U(re), r=<rg,
paper, we consider the same phenomena in a single carbon U(r)= 0 . (1)
|.44 y co

nanopore. Recent molecular simulations byréuet a
indicate that transport in a nanopore is hardly influenced by
the pore’s shape, so long as the correct average radius, tranghereU  (r) is the standard LJ 6-12 potential, and we used,
port length, and enclosing gradient are used. Therefore we,=11.43 A. No tail corrections were applied to this poten-
consider a slit pore, the schematics of which are shown ittial. The Lorentz—Berthelot mixing ruless;; = \/?eJ and
Fig. 1, in which the origin of the coordinates is at the center.oj; = Ho+ gj), were used in the simulations to compute the
The two carbon walls are located at the top and bottom of theize and energy parameters of the unlike molecules. For sim-
Xy planes. The external driving force is a chemical potentiaplicity the total molecular mass of an alkane was equally
or, equivalently, a pressure gradient applied in xhdirec-  divided between the C atoms and therefore,Gittd CH
tion. The system is divided into three regions. Thand¢  groups had equal molecular mass. Table Il lists the size and
regions represent, respectively, the two control volume®nergy parameters of GHCO,, and those of the CHand
(CV's) exposed to the bulk fluid at high and low chemical CHz groups.
potential or pressure, while the middle region represents the The atoms and the UA centers are connected by har-
pore. The pore’s length isL with n being an integer. monic potentials. The distance between the atoms is fixed at
The pore’s walls are assumed to be smogtiucture-  1.53 A. The intramolecular interactions consist of the contri-
less, since our previous MD studies of various mixtuie4®  butions by bond-bendin¢BB) and torsional forces. For the
in such pores indicated that the walls’ atomistic structure ha8B term, the van der Ploeg—Berendsen potefftial used,
little effect on the transport and separation properties. The
dimensions of the pore used weW= 200, andL =400,
while its heightH was varied, in the range of typical pore
sizes for which CMSM'’s exhibit molecular sieving proper-
ties, in order to study the effect of the pore size on the rewhered is the angle between the atomic bonds. For the tor-
sults. Here,o; is the effective molecular size of GHsee  sional potential, the original Ryckaert—Bellem&hsotential
below). is used,

Ugg(8)= 3Ke(6— 60)?, (2
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TABLE IlI. Values of the molecular parameters used in the simulationss termolecular interactions and those intramolecular interac-
the Boltzmann's constant. tions that are not part of the internal energy. The division is,

Parameter Numerical value of course, to some extent arbitrary and depends on the details
of the model. The procedure to grow ar-alkane atom by

TcH, (ﬁi g'ggg atom consists of the following step$:
ZE:S EA) 3810 (i) One inserts the first atom at a random position
UCO: A) 3.794 and computes the energy;(n) along with a quantityw,
scn, ks (K) 59.38 =exfg —pBu,(n)], where B=(kgT) !, with kg being the
ecn, ks (K) 88.06 Boltzmann’s constantT is the temperature of the system,
zCHA;';B 58 ;gg; andn indicates the new state in which the system is in.
Bord I:ngth(A) 153 (i) k trial orientations, denoted bib}=by,b,,... by,
k, (K rad 2) 62,500 are then generated with a probabil@y(b;), given by
0o (degreep 112
Co (K) 1116 .
o e pI"(bi) = g exd — u(by)], ®)
c3 (K) —368
¢y (K) 3156
¢s (K) —3788 in order to insert the next atoh whereC is a normalization
factor. For each trial orientation, trexternal energy f(b;)
is also computed, along with the quantityw,(n)
5 =E}‘=lexr[—ﬂuf"x‘(bj)]. One orientation, out of th trial
Utor(¢):|(zo € COS( ), (3  Positions, is then selected with the probability

where ¢ is the dihedral angle. Numerical values of all the ox 1 ox

parameters are also listed in Table II. pri(by) = mem—ﬁm (o). (6)
As mentioned earlier, the pore’s walls were assumed to

be smooth and structureless. Therefore the 10-4-3 potential

of Steele, Typipa_lly, fivg trial _orientgtions were generatgd, s_ince our
preliminary simulations with as many &s- 20 trial orienta-
2 ) 10 o\ 4 . . . .
2 Tiw Tiw tions did not result in large differences.
Uiw(2)=2mpceiwoi Al =| —| —|— o . . .
w cHwEIWTI 51z z (iii) Step (ii) is repeatedM —1 times until the entire

4 alkane molecule is grown, and the Rosenbluth fattor,
_ Tiw W(n)=IIM ,w,(n), is computed. Any given molecular con-
3| (4) . . 1 . e .
3A(0.61A+2) formation is generated with a probability given by

was used to compute the interaction between a molecule and
the wall, whereA =0.335 nm is the space between the adja- Mo 1
cent carbon layersgp.=114 nm 3 is the number density of P(n)=H pM(n)pfX(n)= CMT\N(n)exq—ﬁU(n)],
carbon atoms in the layez,is the distance from the wall, and 1=2 @
o, andeg,, are the LJ parameters between the walls and
moleculei. _

with U=SM u =31 (u™+ uf).
IV. CONFIGURATIONAL-BIAS
MONTE CARLO METHOD

Because direct generation of the-alkanes and their in-
sertion into the CV’s that are connected to the nanopore/. CONFIGURATIONAL-BIAS GRAND-CANONICAL
greatly slows down the simulations, we used theMONTE CARLO METHOD
configurational-bias Monte Carl€CBMC) techniqué®>°to
grow the alkane molecules. We then combined the CBMC  After generating then—alkanes and accepting them, the
method with the grand-canonical MC technique to insert thenext step is to insert them into the two CV's. To do this, we
grown alkane chains in the two CV’s and therefore in thecombine the CBMC method described above with a grand-
nanopore. The atom-by-atom growth of the molecules isanonical MC method and refer to it as the CBGCMC tech-
done in such a way that regions of favorable energy araique. This is a method for computing the sorption thermo-
identified, and overlap with other molecules are avoideddynamics of linear-chain molecules when the sorbates are
hence speeding up the computations greatly. represented with a UA force field and have flexible dihedral
More specifically, we consider the potential energy of anand bond angles, and consists of two steps: First, it generates
atom as the sum of two contributions, namely, the internathe chain configurations one atom at a time by the CBMC
energyu™ which includes parts of the intramolecular inter- method described above. Second, as the chain molecule is
actions, and the external energ§ which contains the in- generated, the Rosenbluth weifhwV is accumulated and
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utilized in the acceptance rule of the GCMC method for in- 2

sertion of the molecules into the system. e *8 gﬁﬁ?’ﬁ ¢ BYh A ?‘i P

The probability of adding a single chain to a system of 4 : a
N; chains is given b} ) 4

A
. eXF(IBM')V -1 y aa
p =min| 1, mw(n) ) (8) A@-é”&h % A%'&‘ﬁr"&“: p3 g JE{ &}M<¥;‘ﬁ
! ! 21 - -

where u; is the chemical potential of chain V is the vol- oo ? - ’ * * *

ume of the CV, and\; is the thermal de Broglie wavelength . , ,
of componenti. Equation(8) is completely similar to the FIG. 3. Snapshot of the pore containing £titiangles and GHg (chains,

_p o q_ . p y . at steady state. The mole fraction of £if the feed is 0.9, and the pore size
probability of inserting a molecule into a system in a stan-is y*=s5
dard GCMC computation, with the main difference being the
inclusion of the Rosenbluth weigh/. For a deletion from
the System’ the Rosenbluth We|ght is eva|uate¢rmending the MD simulations the Verlet VelOCity algorithm was used to
to grow the alkane chain into its current position. To accom-Solve the equations of motion. During the motion of the
plish this, the quantities,w;(0)=exd—pAu(0)], w,(o) n—alkgnes in the systgm, 'Fhe RATTLE algorithfrwas us_,ed
=E}‘=1exr[—/3uFXt(b;)], and W(O)ZHI'VI:lWI(O) are com- 1o s_atlsf_y the gqnstralnts |mposgd on mealkape chains.
puted, usingk—1 trial orientations, together with the actual Isokinetic conditions were maintained by rescaling the veloc-
current position of the atonh, which form the set{b;}, ity independently in all the three directions. It is essential to
whereo indicates the old state of the molecules. The prob/maintain the densities of each component in the two CV's at
ability of deletion of a chain from the system is then givenSome fixed values, which are in equilibrium with two bulk
by phases, each at a fixed pressure and fluid concentration. The
densities, or the corresponding chemical potentials of each

NiA3 1
exp(Bui)V W(o) |’

which, aside from the Rosenbluth weight, is again similar to

that of a standard GCMC computation. To insert the,@6d

CH, molecules in the two CV’s, the probabilitigs” and 1
p- are computed according to the standard GCMC
method, namely, the Rosenbluth factdf is replaced by
exp(—BAU), whereAU is the potential-energy change of the
system as a result of adding to, or removing a molecule from,
the CV's. -1

p =minf 1,

9

"
VI. NONEQUILIBRIUM MOLECULAR Py Sl . | .
DYNAMICS SIMULATIONS 0 0.1 0.2 0.3 04 05 06
The NEMD simulations consist of integration of New- Density
ton’s equation of motion in the entire system, combined with
the CBGCMC insertions and deletions in the two CV’s. In
2
4
3
s 2
@
g1
o NoOO
4 '
' -1 1
g 3 !
2 e
s 2 : R
g !
£ 1 2 . . .
T ‘ ! ‘ ‘ ‘ 0 0.04 0.08 0.12 0.16
-60 -40 20 0 20 40 60
X* Density
FIG. 2. Dimensionless temperature distribution in a pore of dize=5 and FIG. 4. Time-averaged density profiles of €kbsolid curveg and GHg
the two control volumes, containing mixtures of Cehd GHg with meth- (dashed curvesn the transverse directiaiperpendicular to the wallsmea-
ane mole fraction in the feed being Qtdp) and 0.5(bottom). Dashed lines  sured near the pore’s centerfat 50 °C. The pore size isl* =5, while the
indicate the boundaries of the pore region. mole fraction of CH in the feed is 0.5top) and 0.9(bottom).
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' o175 measured near the pore’s centerTat50 °C, in three

pores. The mole fraction of CHs 0.7.
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component in the CV’s, were maintained by carrying out aCBGCMC insertions and deletions in each CV to the number
sufficient number of CBGCMC insertions and deletions ofof MD steps between successive CBGCMC steps. This ratio
the particles, as described above. The chemical potentialmust be chosen appropriately in order to maintain the correct
were converted to equivalent pressures using a LJ equatiafensity and chemical potentials in the CV’s, and also reason-
of state® able transport rates at the boundaries between the CV’'s and
When a molecule is inserted in a CV, it is assigned athe pore region. In our simulatiori® was typically 10:1.
thermal velocity selected from the Maxwell-Boltzmann dis-During the MD computations molecules crossing the outer
tribution at the given temperatuiie An important parameter boundaries of the CV’'s were removed. The number of such
of the NEMD simulations is the rati® of the number of molecules was, however, very small; typically about 1% of
the total number of molecules that were deleted during the
CBGCMC simulations with a probability that is given by Eq.

0.14 ; , (12). In addition, for each component we allowed for a non-
0.12 zero streaming velocitythe ratio of the flux to the concen-
010 tration of each componenin the pore region, consistent
R il 5 with the presence of bulk pressure/chemical potential gradi-
2 008y 1 ents along the flow direction. Since the two CV'’s are as-
‘u:, 0.06 e sumed to be well-mixed and in equilibrium with the two bulk
— ; A " phases that are in direct contact with them, there should be
: : no overall nonzero streaming velocity in these regions. How-
0.02 H H . L . ™
— | ever, the discontinuity of the streaming velocities at the
0.00 ‘ 7 ‘ g ‘ boundaries between the CV’s and the pore region slows
down the computations. To address this problem, a very
0.14 ; ; small streaming velocity was added to the thermal velocity
012 ] | i of all the inserted molecules within each CV that were lo-
i ) ! e . .
oo ¥ % : cated within a very small distance from the boundaries be-
M tween the CV's and the por&-*3°%%%|n the case of the
£ 0081 g Ty n—alkanes, this was done when the lead atom or UA center
§ 0.06 | §\~— ------------------ ~, was within that small distance, in which case the small ve-
- locity was assigned to all of the atoms and UA center of the
’ : ; alkanes. However, the actual streaming velocities of the mol-
0.02 i : ecules in the pore region were still determined by the MD
0.00 ‘ ] ‘ ? : simulations. To study the transport of a mixture due to a
-60 -40 -20 0 20 40 60 pressure gradient, the temperature of the system must be held

x constant in order to eliminate any contribution of the tem-
) ) ] ) perature gradient to the transport; hence special care was
FIG. 6. Time-averaged density profiles of Clolid curve$ and GHg

(dashed curvesin the transport directiorx in a pore of sizeH* =5, in taken to achieve thitsee also be_|_0W . . .
which the methane mole fraction in the feed is (tap) and 0.5(bottom), We computed several quantities of interest, including the

andT=50°C. Dashed lines indicate the boundaries of the pore region. ~density profiles of the componentlong thex andz direc-
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FIG. 8. Time-averaged density profiles of £ksolid curve and GHg
(dashed curvein the transport directior in a pore of sizeH* =3. The CH,
mole fraction in the feed is 0.7, arid=50 °C.
2
B
c
[
e . NLR_ NRL
H I I
{ Ji = ) (10)
NupAtAy,
0.00 , : ‘ : ‘ whereNFR andNF* are the number of the molecules of type
-60 -40 -20 0 20 40 60 i moving from the left to the right and vice versa, respec-
X* tively, At is the MD time stefgwe used a dimensionless time

fG 7 T § densi fles of Cisolid $ and GH step, At*=5x10"3  which is equivalent to, At
. 7. Time-averaged density profiles o olid curve$ an s N .
(dashed curvesn the transport directior in a pore of sizéH* =5 in which =0.006 85 pS), aanD is the number of the MD steps over

the CH, mole fraction is 0.9. The upstream and downstream pressures ardVhich the average was takefwe. typically usedNyp
respectively, 3 and 1 atrftop), and 30 and 10 atrtbottom). Dashed lines ~ =30,000). The system was considered to have reached a

indicate the boundaries of the pore region. steady state when the fluxes calculated at varicuplanes
were within 5% from the averaged values, after which the
fluxes were calculated at the center of the pore region. The
tions, p?(x) and p’(2), respectively. To calculate?(x) the equations of motion were integrated with up t& 30° time
simulation box was divided in the direction into grids of steps.

size o4, and for each MD step the density profilp§(x) The permeabilityK; of species was calculated using
were obtained by averaging the number of particles of com-

ponenti over the distancer; . A similar procedure was used J. nLJ

for computingp{(z), with the averaging done over a small K; : ' (11

distance which was about 0.46. As discussed below, these APi/nL AP

guantities are important to understanding adsorption and
transport properties of the fluids in the pore and between itsvhere AP, =x;AP is the partial pressure drop for species

walls. along the pore, witkx; being the mole fraction of component
For each componeritwe also calculated its flug; by i, and AP the total pressure drop imposed on the pore. A
measuring the net number of its particles crossing a gien most important property that we wish to study is the dynamic
plane of ared,,: separation factos,;, defined as
0.08 0.0020 0.08 0.0020
o - -8 _
" ] T N | 0.0016 €
g 008 o 0.0016 E % 0.06 0‘ ::g-»
g A loooiz 8 g o__.--°'" | oooiz &
% oo A 2 % 0.04 a A 2
§ 0. 1 o.0008 g E . ° | 0.0008 g
® ) @ @
E 0.02 [ ] E g 6.02 ¢ i . | 0.0004 g
4] 100004 & —— 4t &
& i o A 0.00 0.0000
0.00 0.0000 04 05 06 07 08 09 10
20 40 60 80 100 120

Temperature(°C) CH, Mole Fraction in the Feed

FIG. 9. Comparison of the simulation results for the permeance qof @pen trianglesand GHg (open circle with the corresponding experimental data
(solid symbol. The mole fraction of Clin the feed in the left figure is 0.7, whil€=50 °C in the right figure. The pore sizelit* =5.
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FIG. 10. Comparison of the computed separation fadimpen circles with the experimental dateolid circles for a CH, /C3Hg mixture. The mole fraction
of CH, in the feed in the left figure is 0.7, whilE=50 °C in the right figure.

K, A. Methane—propane mixtures
= 12
21 Ky (12 Figure 2 presents the time-averaged distribution of the

dimensionless temperature in the carbon nanopore, for two
VII. EXPERIMENTAL STUDY different binary mixtures of Cland GHg. In this and the

. subsequent figures, the dashed lines indicate the boundaries
We have also measured transport and separation prop

%t the pore region. The pore size i$* =H/ =5, the
ties of three mixtures, namely, GHC;Hg, CO,/CH,, and P . gion. . P . 7CH, >
CO,/C4Hg mixtures, in a CMSM. The average pore size Ofmole_fracuons of CH in the two mixtures are 0.5 a_nd 0.7
the membrane is about 4.5 A, which is in the range of the¢t"d: in both cases, the temperature of the system is Set at
pore sizes used in our simulations. The techniques for prepa- 20 ~C- As can be seen, the temperature n both cases is
ration of the membrane, as well as measuring its transpoffOnstant throughout t,he pore and its two CV's and, more-
and separation properties, have all been describe8Ven the two systems’ temperatures are equal, as they should
previously? 23 and need not be repeated here. All the ex-Pe-

periments were carried out @=50°C. The pressure drop Fi%ure 3 shows a snapshot of the mixture in a pore of
that was applied to the membrane was the same as the ofizeH* =5 atT=50°C, in which the mole fraction of CH
used in the molecular simulations. in the feed is 0.9. Both components are mostly distributed

near the pore’s walls by forming two condensed layers there.

These results are also consistent with equilibrium molecular

simulations. The densities of both components decrease from
VIl RESULTS AND DISCUSSIONS the left to the right. To understand better the distribution

We have carried out extensive NEMD simulations of shown in Fig. 3, we present in Fig. 4 the density profiles of

three binary mixtures involving an—alkane. In what fol- the two components, in two different mixtures, over the cross
lows, we present and discuss the results for each mixtureection of a pore of sizel* =5, computed near its center. In
separately, and compare the results with our experimentdhe mixture in which the mole fraction of CHn the feed is
data, when possible. Unless otherwise specified, in all th€.9 (the bottom pang) the two density profiles are almost
cases discussed below, the pressures in the upstream adentical, except that CHdensity is somewhat larger near
downstream CV'’s, that are in equilibrium with the two bulk the center, which is consistent with the snapshot of the sys-

states, are 3 and 1 atm, respectively. tem shown in Fig. 3. However, in the equimolar mixtrep
0.10 30
O
0.08 ? . . 25
: oo 5
g oos : g7
s | ® o s s
E 4a 2
g 0.04 R 3
o i/ g 10
) g;
0.02 i‘:\kﬁ-”ﬁ_‘ﬂ 5
0.00 T T T 0 - - -
1 2 3 4 5 6 1 2 3 4 5 6
Pore Size Pore Size

FIG. 11. The effect of pore size on the permeances of @&l GHg and the corresponding separation factors in a binary mixture in which then@ie
fraction in the feed is 0.7, an@=50 °C.
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2

z*
o
>

N A Jn A FIG. 12. A snapshot of the pore containing £Hiri-

‘X\,,‘, angles and GH,,, at steady state in a pore of size
H*=5 atT=50°C. The CH mole fraction in the feed
is 0.9.

pane), the density of propane is larger than that of ZH much larger than that of CH hence explaining why the
everywhere in the pore. This is due to the much larger denlocations of the peaks in the density profiles of the two com-
sity of C3Hg under the bulk conditiongin the two CV'g, ponents are not far apart.
which results in much larger amounts of propane entering the  To shed further light on the properties of this system, we
pore. At the same time, the;Hg chains have a “shielding” also study the density profiles in the two CV’s and the pore
effect in that, they prevent CHfrom entering the pore re- along the transportx(—) direction. These are shown in Fig.
gion. Reducing the size of the pore shifts the profiles to thes, where we present the time-averaged density profiles for
pore’s center, since the location of the fluid-wall potentialboth components in two different mixtures in a pore of size
minima changes: Shown in Fig. 5 is the comparison betweehli* =5. The density profiles are essentially flat in the two
such density profiles for a mixture in which the Cihole  CV’s (in the region—60<X* < —20 and 26< X* <60), with
fraction in the feed is 0.7, in pores of sizes"=5,3, and numerical values that match those obtained by the standard
1.75 atT=50°C. In all the cases, the density oflfy is = GCMC method under the same conditions, indicating that
much larger than that of CH since the shielding effect men- the chemical potentials in the two CV’'s have been properly
tioned above is even stronger for tighter pores. The fact thatnaintained during the NEMD simulations. The small fluc-
in all cases, there is great overlap between the two densitiuations in the profiles in the CV regions represent numerical
profiles is indicative of the mixture’s tendency not to segre-noise. The small downward curvature Xt = —60 (in the
gate into two distinct regions, each essentially filled with oneC;Hg profile) is due to the “leakage” of the molecules out of
of the components. the two CV’s. These are the molecules that, as described
Another way of understanding the density profilesabove, cross the outer boundaries of the CV’s and leave the
shown in Figs. 4 and 5 is as follows. If we were to represensystem. However, such deviations from a flat profile are in-
C;Hg as a simple LJ sphere, then its effective energy paramsignificant. Note that even when the mole fraction gHg in
eter 8C3H821-6€CH4- Since the energy parameters controlthe feed is only 0.3top pane), its density in the two CV's is
the interaction of the molecules with the pore’s walls, it be-much larger than that of CH In the pore region {20
comes clear why the density 0§85 near the walls is much <X*<20), the two profiles decrease from left to right,
larger than that of Clfi, since it is energetically more favor- Which is expected. Due to the existence of the overall bulk
able for GHg to adsorb on the pore’s walls than @HOn  pressure gradienor an overall nonzero streaming velocity

the other hand, the effective LJ size parametergfigds not  in the pore, however, the density profiles are not linear, as
the total flux is the sum of the diffusive and convective parts,

0.10 {

Density
o
o
[+2]

- )

2 : : : : : 0.02 ' i
o 01 02 03 04 05 08 W

Density

-60 -40 -20 0 20 40 60
FIG. 13. Time-averaged density profile of ¢Hssolid curve and GH;, X*
(dashed curve between the upper and lower walls of a pore of dite

=5 atT=50 °C. The profiles were calculated in the middle of the pore, andFIG. 14. Same as in Fig. 13, but in the transport directioBashed vertical
CH, mole fraction in the feed is 0.9. lines indicate the boundaries of the pore region.
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005 0.05 | } in the left figure is 0.9, whileT
’ =50 °C in the right figure.
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resulting in nonlinear profiles for &g in both mixtures. For (i) The experimental permeances are about two orders of

CH,, on the other hand, the convective effect is muchmagnitude smaller than those obtained by the molecular
weaker and therefore the decrease in its density and the asimulations. This is expected, as the CMSM possesses a tor-
sociated nonlinearity are also much weaker. The qualitativéuous three-dimensional pore space and therefore the gas per-
aspects of the profiles shown in Fig. 6 will not change if wemeances of such a pore space must be smaller than those of
impose a larger pressure gradient on the pore system. Shovansingle straight pore with no spatial tortuosity.

in Fig. 7 are the density profiles of the two components along (i) Both the simulations and experiments indicate that
the transport direction for two different systems. In dtiee  the permeances are not very sensitive to the composition of
top panel the upstream and downstream pressures are, réhe mixture in the feed. For example, as the mole fraction of
spectively, 3 and 1 atm, while the corresponding pressures ig@,H, in the feed increases from 0.5 to 0.9, its permeance
the second pore systefthe bottom panglare ten times (hoth computed and measuyethanges by a factor which is
larger, 30 and 10 atm. The pore size for both cased”is |ess than 2, and an even smaller change is seen in the per-
=5. The CH mole fraction in the feed for both cases is 0.9, meance of CH.

and the simulations were carried out B&50°C. All the (i) The permeance of CHs practically independent of

qualitative aspects of Figs. 6 and 7 are similar, except thahe temperature, while that of ;85 decreaeses essentially
the densities and their fluctuations in the pore under th‘ﬁnearly with increasing temperature.

larger pressure gradient are somewhat larger, as one might Figures 10 present the separation factd,
expect. These fluctuations will eventually vanish if the simu-_ !

! . . . . Kcn. /Key, for the mixture and its dependence on the
lations are continued for much longer times. Our simulations 38 4 d feed » thouah both the si
also indicate that the separation factor of this system is infemperature and feed composition. Although both the simu-

sensitive to the applied pressure gradient. At the same timé‘?‘tions and experiments suggest that the separation factor is

the qualitative features of these profiles are not very sensitivBOt Very sensitive to the feed composition, the experimental
to the pore sizéunless, of course, the pore is too smalle  data do not agree with the simulation results. The reason is

show in Fig. 8 the density profiles in a pore of si& =3. that the most effective mechanism of separating a (CHHg
The CH, mole fraction in the feed is 0.7, with the rest of the Mixture into its components is by molecular sieving and ki-
parameters being the same as in Figs. 6 and 7. The similarietic effects(the rates of transport of the two components
ties between these profiles and those shown in Figs. 6 and&s it is much more difficult for the g chains to pass

are clear. through the membrane with the same rate as thg @#l-
Figures 9 present the dependence of the permeg@ece  ecules.
meability per unit length of the poref the two components To study the effect of the pore size on the separation

on the temperature and feed composition, and compare thefactors, we carried out extensive simulations using a range of
with the experimental data. Several features of these figurgsore sizes. Figures 11 show the results for the permeances

are noteworthy: and separation factors and their dependence on the pore size.
0.10 45
40 1
0.08 _ 3%
P
.“ 3 5 |
g 006 . & 25 | FIG. 16. The effect of pore size on the
g . c .
g K S | permeances of CH (triangles and
E 0.04 Q g C4Hy, (circles, and the corresponding
> . s 19 separation factors al=50°C. The
0.02 o’ @10 CH, mole fraction in the feed is 0.7.
T .
0.00 = 0
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4 methane in the feed is 0.9. Clearly, despite the mixture being
£ 3 ] : rich in CH,, there is a lot more £H,4in the pore than Ckl,
§ 2 5 —~ which is again attributed to the shielding effect described
g 1 ; ' above. The corresponding time-averaged density profiles of
- o CH, andn—-C4;H;p, at T=50°C and in the same system are
shown in Fig. 13. Similar to the CHC3;Hg mixtures, and
o 4 5 consistent with Fig. 12, the density of—butane is much
3 3 § larger than that of Cll This feature of the system can again
S 2 e be explained by defining an effective LJ energy parameter
g 1 ; ; for n—butane, which would be larger than that of Cby a
Ll ‘ 5 ‘ : : factor of about 1.5, hence making it energetically more fa-
-60 -40 -20 0 20 40 60 vorable forn—C,H;, to form a thick layer near the pore’s

X* walls. At the same time, the effective LJ size parameter of
fG 17 T it wre distribution i v 5 n—butane is about twice as large as that of,CHhis, to-
. . lime-averaged temperature aistrioution In a pore ol size= .
and the two CV'’s that contain a binary mixture of €&@nd GHg. The mole gether Wlth the fa(_:t that the actual molecular structl_Jre of
fraction of CQ, is 0.7 (top) and 0.5(bottom. Dashed vertical lines indicate N—butane is a chain with four atoms or UA centers, imply
the boundaries of the pore. that as the components of the mixture attempt to enter the
pore from a CV, there is a shielding effect that prevents many
. ' _ of the CH, molecules from entering the pore, as a result of
The mole fraction of Cllin the feed is 0.7, an@=50°C.  which the density oh—butane inside the pore is much larger
Only when the pore size isl* =1.7, does the separation than that of CH.
factor fall below ondlits value for a pore of sizel* =1.7 is Figure 14 depicts the time-averaged density profiles of
about 0.8 and in the range of the experimental valuesthe two components in the transport direction, both inside the
(which, for this mixture, is about 0)5This critical pore size o C\'s and a pore of sizel* =5. The densities of the two
is in fact the same as what we previously determffétto  nojecules are essentially constant in the two CV's, with the
be the optimal size for the separation of certain binary MiX-density ofn—C,H,, being much larger than that of GHIn
tures, such as COand CH,. Note also that, had we repre- penyeen the two CV's, the two densities decrease from the
sented the ¢Hg chains as*L;] spheres, the critical pore sizensiream area to the downstream area in a nonlinear fashion,
would have been abouti®=2.15, indicating the signifi- it the nonlinearity being due to the convective effect im-
cance of the proper model of these molecules. Posed on the system by the applied pressure gradient.
Therefore, to obtain quantitative results for the transpor We show in Fig. 15 the dependence of the two compo-
and separation properties of bnjary ”?'X“”es of Chd nents’ permeances on the temperature and feed composition,
C3Hg, one must resort to three-dimensiofaD) molecular a pore of sizeH* =5. The qualitative features of these
pore ngtwork models of CMSM ngfs. 42, 61, and 62?n results are similar to those for the GHC3Hg mixture,
which interconnected pores of various shapes and sizes a| Bown in Fig. 9. Once again, the Ghtermeance is essen-

distributed in the space. In such a system, one may have t?ally independent of its mole fraction in the feed, as well as
type of phase separation such that the smaller pores carfy temperature of the system, while the permeance of

.CH“’ while larger pores contain the;8s chains. However, n—C,Hqo appears to vary linearly with both variables. As a
if the pores are not interconnected, then, no flux of the two A ,
result, the separation factor of the pore system, defined as

components can pass through the pore network. Therefor . . : )
b b 9 P Ke,m, /Ken, also varies essentially linearly with the

the interconnectivity of the pores plays a fundamental role in22~ " CaHio' " . _
the separation of the two components. feed composition and the temperature. In addition, the simu-

lations, for a range of pore sizes, yield large separation fac-
tors in favor of GH4q. Although we do not yet have experi-
mental data for this mixture, we suspect, based on the
Figure 12 presents a snapshot of the system at steadyH,/CsHg mixtures discussed above and the physics of the
state in a pore of sizel* =5, in which the mole fraction of problem, that in real membranes the separation factor would

B. Methane—butane mixtures

Y R e
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A
o A A 4 A} f FIG. 18. Distribution of CQ (triangles and GHg
§ A chains in a pore of size* =5 atT=50 °C, obtained at

A a2
A A A L !
4 N A A , A A steady state. The GOnole fraction in the feed is 0.9.
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FIG. 19. Density profiles of CO(solid curve and GHs (dashed curves  [Taction in the feed is 0.7top) and 0.5(bottom, andT=50°C. Dashed
between the upper and lower walls of a pore of $i#e=5, computed at the ~ vertical lines indicate the boundaries of the pore.
pore’s center and obtained at steady state. The 1G@e fraction in the feed

is 0.5(top) and 0.9(bottorm), andT=50 °C. o )
C. Carbon dioxide—propane mixtures

In previous papefs—2329-*we studied the CEYCH,

be in favor of CH, the opposite of what the simulations mixtures in carbon nanopores. Figure 17 presentgtthres-
indicate. To show this, we carried out extensive simulationsaveragegidimensionless temperature distribution in a pore of
to investigate the effect of the pore size on the permeancesize H* =5 and the two CV'’s, obtained with two different
and the separation factors. Figure 16 presents the resultsiixtures of CQ and GHg. Once again, the temperature is
obtained aff=50°C, for a mixture in which the CHmole  essentially constant throughout the entire system, indicating
fraction is 0.7. Even for a pore as small HS =1.7, the that the isothermal condition has been maintained. A snap-
separation factor is still about 2.4, indicating that a singleshot of the same system that contains a binary mixture in
pore is a gross representation of a membrane, at least so fahich the CQ mole fraction in the feed is 0.9 is shown in
as this mixture is concerned. Fig. 18, indicating that most of the GOnolecules are near

Let us mention in passing that insertionrofalkanes in  the pore’s walls, forming a layer near each wall. This is
a tight pore by the CBMC method is difficult, since the atomconfirmed by thgtime-averageddensity profiles shown in
or UA center of the chain that is closest to the pore’s wallsFig. 19 for two different mixtures of CQand GHg in a pore
interacts with the walls much more strongly than the rest ofof size H* =5. The temperature of the systemTis-50 °C,
the chain. As a result, the standard CBMC method fails whemand the data are collected at the center of the pore. In the
the pores are too tight and the alkane chains are initiallyequimolar mixture(the top panel the density of GHg near
inserted into the system near the walls. To address this prolthe walls is much larger than that of GOsince there is
lem, we initially inserted the alkane chains into the systenmuch more GHg in the pore than is CQ However, when

only near its center. the GHg mole fraction decreases to only Othe bottom
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S oo 005 8 & oo 9 003 B FIG. 21. Comparison of the computed
= E K} e £ f : |
] o. g 2 o g permeances 0 C_;p(open triangles
F oo oz 8 P oo o N 0o B a_nd C‘sl;i8 (opeq circley for a pore _of
8 A ) 3 g A 3 size H*=5, with the corresponding
g o § 5 N § experimental datésolid symbolg. The
£ oo oot E g o0z a . Mg CO, mole fraction in the feed in the
¢ e a & = - a left figure is 0.7, whileT=50°C in

0.00 —® . . 0.00 0.00 = * ¢ = * 0.00 the right figure.
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FIG. 22. Comparison of the computed separation factors of /CgHg binary mixtures(open circleg for a pore of sizeH* =5, with the experimental data
(solid circleg. The CGQ mole fraction in the feed in the left figure is 0.7, while=50 °C in the right figure.

pane), its density inside the pore is much smaller than that  (ii) Although there is quantitative agreement between the
of CO,, which, together with the strong affinity of carbon simulation results and the experimental data, so far as the
dioxide for adsorption on carbon surfaces, mean thadsC order of magnitude of their numerical values is concerned,
can be present in the two layers near the walls only in relathe trends in the two sets of results do not agree with each
tively small amounts. other: While the simulations indicate thidt._, >Kcq_, the
Figure 20 depicts th&ime-averageddensity profiles of ; i L8 ©
9 P : gen yp _ experimental data indicate the opposite trend.
the two components, for two different binary mixtures, inthe ;g discrepancy is reflected in the separation factor, de-

transport directi_o'n of the same pore as in Fig. 19. In b,Othfined aS,SzFKcaHg/Kcoz- Shown in Fig. 22 are the sepa-
cases, the densities of the two components are constant in tpaetion factors. obtained for a pore of sig — 5. where the
two CV'’s, while they decrease nonlinearly from the upstream d th th P tal dat _Wh th Y
region to the downstream region. Although, in both ca\ses",’m,e compared wi € expenmental data. ereas the simu-
lations indicate tha$,,>1, the data indicate the opposite. To

the mole fraction of CQ in the feed is larger than that of furth dv the eff h ) iod
propane, the density of g is larger in both cases. This can TUrther study the effect of the pore size, we carried out ex-

be explained again based on the higher density i un- tensive simulations_ aT_= 50°C, using a mixture in vyhich
der the bulk conditior(in the two CV's and the shielding e CQ mole fraction in the feed was 0.7, and varied the
effect described earlier. pore size. The results are presented in Fig. 23. Only when the
The experimental data for the dependence of the twd©re sizeH* is below 1.97, does the separation factor fall
components’ permerances on the temperature and feed cofy¢low 1. ForH* =1.95, one has a separation factor of about
position are compared in Fig. 21 with the simulation results 0-94, still about one order of magnitude larger than the ex-
The size of the pore i#1* =5. There are two noteworthy Perimental value. Had we representegHg as a LJ sphere,
features in these results: the corresponding critical pore size would have béth
(i) The CG permeance is essentially independent of the=2.28, indicating again the significance of a proper model
temperature and feed composition. This is due to the affinit@f n—alkanes.
of this molecule to adsorb on carbon surfaces, which means Hence, similar to the mixtures of GHCz;Hg and
that CQ does not really “see” the pore structure. At the CH,/C4Hyg, the results for CQ/C;Hg mixtures indicate
same time, the permeance ofH varies essentially linearly that a single pore is inadequate for modeling a membrane

with the temperature and composition. which has a 3D pore space consisting of interconnected
0.10 15
o
0.08 - o L 129
X1
@ [ .
g 0.06 9 FIG. 23. The effect of the pore size on
© c .
"E’ : o] o the permeances of G@triangles and
8 0.04 | 55 ‘g 6 1 C;Hg (circles, and the corresponding
o separation factors al=50°C. The
0.02 N CO, mole fraction in the feed is 0.7.
. &\P\A .
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Abstract

SiC nanoporous membranes have been prepared by chemical-vapor deposition/chemical-vapor infiltration of two different precursors,
namely tri-isopropylsilane (TPS) and 1,3-disilabutane (DSB). Both precursors produce nanoporous membranes. The TPS-derived membranes
are hydrothermally stable, while the DSB membranes produced, so far, are not. SiC nanoporous membranes have also been preparec
by conventional dip-coating techniques using a novel pre-ceramic polymeric precursor allyl-hydridopolycarbosilane (AHPCS), a partially
allyl-substituted hydridopolycarbosilane (HPCS). These membranes are stable in air-treatmerftGt Bl&Ohave, so far, also proven
unstable to high-temperature steam. The nanoporous hydrogen selective SiC membranes show promise for application in membrane
reactors for the water gas shift and steam reforming reactions.
© 2004 Elsevier Ltd. All rights reserved.

Keywords:Silicon carbide; Membranes; Catalytic membrane reactor; Steam reforming

1. Introduction is made of SiC $uwanmethanond et al., 200GBiC is a
promising material, having high fracture toughness, good
Membranes find industrial applications in the separation thermal shock resistance, and being capable of withstanding
of gas and liquid mixtures. Polymeric membranes are gen- high temperatures and corrosive environmeBisniiya and
erally utilized in applications that occur at low temperatures Intomata, 199)L
and unreactive environments. Several applications exist, In this paper we present the results of our research on
however, for which polymeric membranes may not be ap- the preparation of SiC nanoporous membranes. Two dif-
propriate because their use is limited to temperatures belowferent approaches have been utilized. One involves the use
150°C. As a result, in recent years there has been a consid-of chemical-vapor deposition (CVD)/chemical-vapor infil-
erable effort to produce high-temperature ceramic (alumina, tration (CVI) techniques. We have utilized two different
silica, zeolite), and metal (Pd, Pt, Ag, and their alloys) precursors, and have succeeded in preparing defect-free
membranes, with improved properties. They have, so far, all nanoporous membranes. The second approach involves the
proven unsatisfactory in terms of performance and/or mate- pyrolysis of pre-ceramic polymeric precursors. In contrast
rial stability, however, in high-temperature applications, par- with prior efforts, a polymeric precursor that is capable of
ticularly in the presence of steam. A new membrane, which producing pure SiC membranes was selected. We envision
shows potential to overcome some of these difficulties, the SiC membranes to eventually be utilized in reactive
applications with the water gas shift (WGS) and methane
* Corresponding author. Tel.: +1-213-740-2069; fax: +1-213-740-8053. Steam reforming (SMR) reactions, where the membrane
E-mail addresstsotsis@usc.ed(T.T. Tsotsis). has to function in the presence of high-temperature steam.
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Membrane reactors (MR) have been previously applied to test was also carried out with an+HH,O—-HBr mixture at a
these two reactionsS@nchez and Tsotsis, 200atilizing molar ratio of 0:49:0.5:0.01 between 200 and 400 Sin-
mostly metal (Pd, Pt, and their alloys) membranes. Using gle gas permeation followed a Knudsen mechanism, with
such noble metal membranes is dictated by the fact thatH, permeance in the range (4-%)10"'molm2s 1pPal.
other available membranes cannot withstand the high tem-The H:H>O separation factor in the mixture was originally
peratures required (e.g., polymeric membranes), are sensihigher than the Knudsen value- (5), but exposure of the
tive to steam (e.g., SiOmembranes), or are not permselec- membrane to the mixture at 40Q resulted in a decline of
tive enough towards #(e.g., AbOs or zeolite membranes) the H, permeance during the first 50 h (by a factordt.5),
under the prevailing high temperature, pressure, and steanwhile the O permeance remained constant. Theper-
conditions. Noble metal membranes perform welhichez meance stabilized after that, and remained constant for the
and Tsotsis, 2002 however, they are costly, are susceptible remainder of the run, which lasted 120 h.

to deactivation from coke and sulfur impurities, and must be
handled with great care to avoid embrittlement and mechan-
ical failure. SiC membranes show, as a result, good potential
for SMR and WGS MR applications. The performance of
our group’s SiC membranes in high-temperature steam envi-
ronments, relevant to the aforementioned two reactive appli-
cations, is discussed in this paper. Using the experimentally
determined transport characteristics of one of the SiC mem-
branes, we have modeled its performance in a SMR MR, in
order to demonstrate its potential for this application.

3. CVD/CVI of TPS

The work ofSea et al. (1998} important in showing that
TPS is a precursor that results in the formation of a pure SiC
membrane, though the resulting membranes did not have the
desired final characteristics required for reactive gas sep-
arations. In our own work we have utilized a preparation
procedure which is a variant of that followed Bea et al.
(1998) A schematic of our CVD/CVI apparatus is shown
in Fig. 1, and further details can be found elsewhdran (
et al., 1994. In our experiments we utilized our commer-
cial y-Al,0O3 membranes (prepared by sol-gel deposition on
macroporous-Al 03 substrates 25.4 cm long, vyith 5.7mm
OD x 3.5 mm ID), with an average pore size of A@s sub-

2. Membrane preparation by CVD/CVI techniques

We know only a few prior published studies using the
CVDI/CVI approach for the preparation of porous SiC mem-

branes.Hong and Lai (1999used a hot-wall CVD reac- .
tor with the SiH/CyH2/NH3 reaction system. SiC—hlg strates for the TPS deposition. These membranes were cal-
' cined for 4 h in air at 1000C. This treatment enlarges the

nanoparticles were formed in the gas phase at 1323K, andpore size of the membrane to 1280but further treatment at

deposited on and within the pore structure of a macroporous;, . : :
. ; . . this temperature leaves the pore size unaffected. For deposi-
a-alumina support disk. The deposition resulted in a decrease,. : : ; .
. . tion the membrane is sealed in a stainless steel housing con-
of the average membrane pore size from 0.324.Q, and in

a reduction in the overall permeability by20%, which the structed of Swagelok-type fittings using graphite packing.

authors estimated to be less than what was expected from
dense layer deposition on the support pore walls.

Takeda et al. (2001prepared SiC membranes by CVI
into asymmetrig-Al,03 membrane tubes. As source gases,
they used SikCl; and GH> diluted with H, which were
supplied to the porous tube during heating at 800-°€00
followed by a period of evacuation. The membrane sup-
port tube was subjected to a number of CVI and evacua- i
tion cycles, each reducing the,Hbermeance through the
membrane. The final membranes had a pérmeance of
1 x 10 8molm2s~1Pat at 350°C, with an ideal selec-
tivity towards N> of 3.36, somewhat lower than the corre- Permeate
sponding Knudsen value of 3.74.

Of direct relevance to the present paper is the work of
Sea et al. (1998)who formed a SiC membrane within the
macropores of a tubular membrane support tube via CVD of
(CsH7)3SiH (tri-isopropylsilane or TPS) at 700—7%0. Af-
ter CVD, the resulting membrane was calcined at 1@D0
in Ar. XPS analysis showed the membrane to consist of pure
SiC. The resulting membranes were tested with pure gas (He,
H2, N2, COp, H2O, CHy, propane, i-butane, SF perme-
ation experiments between 30 and 2400 A gas permeation Fig. 1. Schematic of the CVD/CVI experimental apparatus.
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TPS (Aldrich, Milwaukee, WI and Gelest, Inc., Tullytown, 1.00E-06
PA) was used as received with no further purification. The
deposition furnace’s length is 122 cm. The membrane in the
module is set at the center of this furnace, with a preheating
zone of~48cm in front of the reactor.

The membrane is heated to the deposition temperature in
He gas 99.997% purity). During this time, the vaporizer
and feed lines are equilibrated at the desired operating tem-
peratures (for the membranes reported here, the vaporizer
temperature was maintained at°@). When the lines, the
vaporizer, and the membrane module stabilized at the de-
sired temperature, the pure He was switched to He contain- ~ 1:00E-08
ing the TPS, and the membranes were exposed to the TPS
vapor for the CVD step. The membranes were deposited
with TPS at 700-756C for various times (2-20 min) until  Fig. 2. Thermal stability of a SIC membrane (using TPS as a precursor):
a pre-determined pressure drop across the membrane deveHe and N permeances as a function of time on stream at°&0
oped (in the range from 0.55 to 0.7 atm). The residence time
of the precursor containing feed in the membrane zone was
0.5s. Following the deposition, the membranes were further
annealed at 100CC for 2h (heating and cooling rates of
100°C/h) for further conversion to SiC, and then finally ac-
tivated at 700—750C in the presence of 1.7 atm of steam
to eliminate excess carbon, if present. XRD indicates that
the membranes calcined at 10@D are mostly amorphous
(SiC converts to a crystalline material at higher calcination
temperatures). Electron microscopy studies indicate that the
SiC layer forms inside the-Al,O3 layer (which has on the
average a thickness of less thap)3As a result, it is dif-
ficult to study its structural characteristics or determine its
exact thickness. EDAX studies of Si across a membrane
cross-section indicate the infiltration depth to be on the av- iy 3. Hydrothermal stability of a SiC membrane (using TPS as a
erage equal to that of theAl,O3 layer. However, the ef-  precursor) exposed to steam at 20D Prior to the initiation of the 400C
fective thickness of the SiC layer, which is responsible for experiments the membrane was exposed to 1 bar partial pressure of steam
the membrane's good gas separation characterisics, is Un?L TS (804 e e oo
known, but it is expected to be less than the total depth of ' ’ :
the SiC penetration observed. after that to 3 bar of steam.

The membranes were then characterized for their perme-
ance, selectivity, and hydrothermal stability. Depending on
the preparation conditions, the He permeance ranges from
8.06 x 1078 to 1.72 x 10~ ¥ mol/m? s Pa with a He/N se-
lectivity from 4 to larger than 100 (He is used as a safe
surrogate gas to for the routine characterization of these
membranes; the Hpermeance of these membranes is ap-
proximately 60% of that of He). The He permeance increases
significantly with temperature, indicative of activated dif- 1.00E-07 : : : :
fusion, whereas the Npermeance, and that of other gases 0 20 40 60 80 100
with larger kinetic diameters such as ¢HCO,, CO, and Time (hr)

H-O, decrease with temperature, indicative of Knudsen flow o _
for these gases. Theserelective SIC membranes extibi. 76 % Irielers ey il b 16 e pemeans 2 0
_exce_”ent the_rmal S_tablllty at 50C for >1000h, as ShO\{Vﬂ steam at 750C. (The N» permeance for this membrane at the beginning

in Fig. 2 (this particular membrane was prepared with @ of the experiment was.36 x 10-19mol/m?2s Pa).

2min TPS deposition at 70, a 2 h calcination at 100,

and 1h steam activation at 730). These membranes are

also stable in the presence of high-pressure and -temperatureus partial pressures of steam ranging from 1 to 3 bar steam
steam, as shown iRig. 3. The He and N permeances re-  for a total of 25 h (this membrane was prepared under iden-
main relatively unchanged at 40G in the presence of vari-  tical conditions with the membrane Bfg. 2). Fig. 4 shows
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a similar hydrothermal stability test for a different mem- =~ 1.00E-06
brane (prepared with a 3min TPS deposition at TB0a o —+—He Permeance
2 h calcination at 1000C, and 20 min steam activation at § —=—N, Permeance -
750°C) at a higher temperature, i.e., 78D for up to nearly NE' 1.00E-07
100 h. Again, the membrane is hydrothermally stable under ‘:g -
this condition in terms of its He permeance. £

The experimental results above highlight the desired sep- ® 1.00E-08 o .
aration characteristics and thermal/hydrothermal stability @ —
of the SiC membranes prepared by CVD/CVI using TPS; %
these membranes are suitable for applications requiring H & 1.00E-09 , ,
separations at high temperature and harsh environments. 0 200 400 600
However, the preparation procedure involves multiple steps, Temperature (°C)

which makes it costly, and requires a very high temperature
(=1000°C) treatment, which places a great burden on glass
end-seals and membrane housing during the CVD/CVI pro-
cess. More importantly, this high temperature post-treatment
further modifies the nanoporous structure of the CVD/CVI
membrane prepared at the lower temperature. Thus, the finabranes in the CVD apparatusig. 1), they were calcined in
product quality is difficult to predict and control, and from air at 750C. DSB (Gelest) was used as received with no
a membrane manufacturing standpoint, the advantage of thurther purification. The membrane is sealed in a stainless
on-line control of the CVD/I technique is lost. To overcome steel housing constructed of Swagelok-type fittings using
these challenges, we have pursued in tandem with TPSgraphite packing. It is then heated to the deposition tem-
CVDI/CVI two other avenues for membrane preparation. perature, and annealed at this temperature for 4h under a
The first involves the use of a different precursor that al- He purge &99.997% purity). During this time, the vapor-
lows membrane preparation by low-temperature CVD/CVI. izer and feed lines are equilibrated at the desired operating
The second involves a conventional dip-coating technique temperatures. Following the annealing step, the membranes
through the use of a novel pre-ceramic polymeric precursor, are exposed to the DSB vapor for CVD at temperatures be-
and its controlled temperature pyrolysis. Both approachestween 650 and 750C for deposition times from 2 to 20 min,
are currently under investigation. In what follows, we will until a predetermined pressure drepQd(55-0.7 atm) devel-
outline some of the successes, as well as the challenges thatps across the membrane. Because of the high volatility of
still remain. DSB, the vaporizer was operated at sub-ambient tempera-
tures. Unlike the TPS membranes, high-temperature anneal-
ing and steam-activation post-CVD/CVI are not required
4. CVD/CVI of DSB with the DSB membranes for the reasons discussed above.
Instead, the membranes were simply annealed at the depo-
1,3-disilabutane (DSB) (C#BiH,CH,SiH3) was selected  sition temperature for a number of hours following CVD,
as the low-temperature SIC CVD/CVI precursor, since a and then cooled to room temperature. The membranes were
number of prior paperd_ge et al., 1997Stoldt et al., 200P then characterized for their permeance, selectivity, and hy-
have indicated that it can be utilized to produce thin SiC drothermal stability. As with the TPS membranes electron
films at CVD temperatures from 650 to 800, primarily for microscopy studies indicate that the SiC layer forms inside
microelectronic applications. The mechanism of SiC deposi- the y-Al,03 layer. EDAX studies of the Si profile across a
tion from DSB on Si(100) substrates in an LPCVD system membrane cross-section indicate the Si infiltration depth to
(50mTorr) was recently studied theoretically Ysglente et be equal or less than that of theAl O3 layer.
al. (2004) At lower temperatures<{750°C), SiC growth is Using CVD/CVI of DSB, high quality, defect-free
dominated by the surface adsorption and decomposition ofnanoporous membranes have been prepdtigd.5 shows
DSB. At higher temperatures gas phase decomposition re-the He and N permeances as a function of temperature
actions become important to producefi species (partic-  for one of the membranes (the membraneFig. 5 was
ularly CH3SiH>CH,SiH) which adsorb on the surface and prepared with a 20min DSB deposition at P& and a
decompose to SiC. The Si:C ratio of the material prepared by 2 h post-deposition annealing at the same temperature). As
DSB is perfect (especially for decomposition temperatures the temperature increases, the He permeance increases, in-
<750°C), close to 1 with no excess carbdwijesundara dicative of activated transport, while the ldermeance de-
et al., 200%; thus, a one-step lower-temperature CVD/CVI creases. The He permeance reach®s 30’ mol/m?sPa,
technique to prepare a nanoporous SiC membrane appearwith the selectivity of He/M of ~55 at 550°C. The DSB
technically feasible. For the DSB deposition our commer- membranes are thermally stable, but have, so far, not fared
cial 40A (5.7mm ODx 3.5mm ID) y-Al,03 membranes  well in the presence of high-temperature steam. The beha-
were utilized as substrates. Prior to installing the mem- vior typically observed is shown ifig. 6. The membrane

Fig. 5. He and M permeances as a function of temperature for a SiC
membrane prepared by CVD/I using DSB as a precursor.
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in a 0.5bar partial pressure of steam.

appears stable for a number of hours initially, but then a PCS to produce Si-O-C membranesyom@and «-Al,03
the permeances of He and; Megin to increase, and the tubular substrates with an oxygen content of 13—18 wt%,
separation factor deteriorates. The ratio of the incremental using polystyrene (PS) as the pore former. A PCS mem-
increase in He and Npermeances is consistent with the brane prepared with 1% PS had a BHermeance of 4
behavior expected from the development of mesoporous10-8molm=—2s-1Pa ! and anideal kN, selectivity of 20
cracks, through which both He ang Mansport by Knudsen  at 773K. The membranes were unstable in Ar at 1223K.
diffusion. The reasons for this behavior are currently under When exposed to a 7.8 wt%,B in He mixture at 773K,
investigation to determine whether the degradation reflectsthe H, and N, permeances decreased by half during the first
an intrinsic sensitivity of the produced films to steam, or 24h, and slowly after that for the remainder of the 72 h of
relates to an instability involving the interface between the the experiment.
nanoporous film and the underlying alumina substrates. Related is the work of Tsai and coworkets¢ and Tsai,
1999, 200) who prepared Si—-C—O membranes by the py-
rolysis of polydimethylsilane (PMS). The PMS layer un-
5. Membrane preparation by pre-ceramic precursor dergoes a thermolytic reaction at 733K for 14 hr under
pyrolysis latm of Ar (and is likely converted to a PCS-like mate-
rial (Lee and Tsai, 1999; Williams et al., 2002followed
Pre-ceramic polymers are currently attracting growing by O, curing at 473K for 1 h. The layer was finally py-
attention as a means of producing ceramics, particularly rolyzed at various temperatures from 523 to 1223 K to pro-
non-oxide ceramics, because they can be processed anduce the membranes. The membrane pyrolyzed at 873K
formed at relatively low temperatures compared to the pro- had the best separation characteristics, exhibiting a He per-
duction of conventional structural ceramics. For example, meance ot~ 1.4 x 10~°mol/m?sPa, a K permeance of
ceramic films, fibers, and composites can all be easily pre-~ 2.7 x 10-2mol/m?sPa, and an ideal #N, selectivity
pared by shaping and curing by different methods of various of 20 at 473 K. Membranes prepared at the higher pyroly-
pre-ceramic polymers, followed by further pyrolysis in or- sis temperatures were not microporous. Exposure to steam
der to obtain the desired ceramic materiaddhigng et al., increases the permeance, and returns the separation selec-
1999; Sato et al., 1999; Tanaka et al., 1998; Chew et al., tivities to their Knudsen valuehen and Tsai, 2004
1999. Many different polyorganosilicon compounds, such ~ More recently, newer PCS types have been developed,
as polysilazenes (SgRIH), (Jones et al., 1999 polysi- which use other curing methods, such as UV radiation
lanes (SiRSix), (Chew et al.,, 1999 polycarbosilanes (Takeda et al., 2000; Chu et al.,, 199%®lectron beam
(SiIR2CH>)p, (Shimoo et al., 1997ajima et al., 197§ and (Seguchi, 200 or heat treatment under an inert atmo-
polysiloxanes (SiRO), (Suttor et al., 199ycan be used as  sphere Katthews et al., 1999 in order to achieve a low-
precursors to ceramics such as SiC, SIOC,SEINC, and oxygen content in the final product, and with a Si:C ratio
SigNg. close to unity. In our own work we have used such a PCS,
One of the most important families of SiC precursors namely allyl-hydridopolycarbosilane (AHPCS), a partially
is polycarbosilanes (PCS). The first generations of poly- allyl-substituted hydridopolycarbosilane (HPCS). Allyl
carbosilanes, like the early PCS producedyajyima et al. substitution provides an added degree of control over the
(1976) are cured using © Consequently, the final ceramic  Si:C ratio, and ceramic yield in the resulting ceramics. The
product is silicon oxycarbide, which contains significant structures of AHPCS and HPCS are showrfig. 7. Use
amounts of oxygen in the backbone. Morooka and cowork- of HPCS was first proposed bwnterrante et al. (1994a,b,
ers (i et al., 1996, 1997; Kusakabe et al., 199sed such 1995a,b) The primary pyrolysis product of both HPCS and
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Fig. 8. XRD patterns of AHPCS powders calcined at temperatures between
600 and 1600C.

ing AHPCS pyrolysis have also been investigated using in

situ DRIFTS, indicating a rather complex reaction mecha-
AHPCS is a SiC ceramic, having a Si—C bond linkage. The nism. The polymer-to-ceramic conversion process is char-
increasing fractions of allyl groups slightly increases the acterized by a number of distinct changes. The bonds, in-
carbon content, and also make the polymer cross-linkablevolving hydrogen (Si-H, &-SiHy), and the double bonds
at lower temperatures. disappear upon cross-linking and pyrolysis at temperatures

To prepare nanoporous membranes we have used &elow 500°C, as the polymer becomes infusible and low
10wt% solution of AHPCS in hexane and dip-coated one molecular-weight compounds leave the polymer matrix. The
side of macroporous SiC flat-disk substrates, made by pres-organometallic to inorganic conversion begins~&00°C.
sureless sintering of SiC powdeiSuwanmethanond et al., During this stage, most of the C—H and Si—H bonds in the
2000. Prior to dip-coating, the SiC substrates are ultrason- polymer chain break, and only the peaks corresponding to
ically cleaned in acetone, and then dried in the oven. After the polymer backbone (Si—-CGHSi) remain and broaden.
each coating, the coated substrates are heated in flowing AMucleation and crystallization accelerate in the temperature
in an alumina tube furnace with a heating rate of 12fh, range between 800 and 10TD. After 1200°C, the DRIFTS
up to a temperature of 40C, where they are kept for spectrum stays the same due to the complete conversion to
1h. The temperature is then raised (with a heating rate of crystalline SiC. The DRIFTS data are consistent with the
60°C/h) to the desired calcination temperature (ranging XRD and XPS data, and with what is known on the pyrol-
from 600 to 1600C), where they are kept for an additional ysis of similar material$nterrante et al., 19944a,bVilliams
2 h, and cooled down to the room temperature (with a cool- et al., 2002.
ing rate of 15C/h). In parallel, we have also prepared a  Forthe membranes prepared by pyrolysis at different tem-
number of SiC powders from the AHPCS using the same peratures the permeance of single gases and the correspond-
preparation protocols with the SiC membranes. ing separation factors have been measufég. 10 shows
AHPCS pyrolysis produces SiC, as indicated by the XRD the He and N permeances and the ideal separation fac-

analysis (done with a Rigaku X-ray Diffractometer) of py- tors for three membranes, which were pyrolyzed at 600,
rolyzed powder samples, shown Fig. 8 (the diffraction 1000, and 1200C. As with TPS and DSB membranes the
peaks at 3542 and 60-2 correspond tg3-SiC). At lower He permeation is activated, increasing with temperature,
pyrolysis temperatures the XRD spectra are very noisy, po- while Ny transport appears to be Knudsen-like, decreasing
tentially signifying the presence of amorphous SiC, which with temperature. The He permeance and the separation fac-
begins to crystallize at higher temperatures. As the temper-tor both generally decrease with the temperature of pyrol-
ature increases the amorphous SiC is converted into crys-ysis (membranes pyrolyzed at 1400 and 180Care not
talline SiC.Fig. 9 shows the XPS spectra of a SiC powder permselective). The transport data indicate that these mem-
prepared by pyrolysis at 60C (because of our prior ex- branes are nanoporous consistent with BET investigations
perience with these samples, and the extent of ubiquitousof the same membranes (d&ig. 11), which also show them
hydrocarbon contamination, the fraction of the surface layer to be nanoporous. The SiC membranes prepared have, so
composed of SiC was determined solely from detailed scansfar, are stable to air oxidation at 450 (in between layer
of the silicon 2p photoelectron region). Within the binding deposition the membranes are oxidized at 45Go burn
energy range of 120-90eV, SiC (101.0-100.4eV) can be away any unreacted carbon), but have not proven stable to
easily distinguished. The various processes that occur dur-high-temperature steam-treatment. The reasons for the steam
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sensitivity are not exactly clear at this stage. For example,
XRD studies of steam-treated powders, do not appear differ- .4y tic methane steam-reforming membrane reactor appli-
ent than those of the as prepared materials, and BET StUdIe%ations. SMR, which consists of two reversible reactions,

lndlca_te no change_zs, l.e.,_the_ mem_brgnes remain nanoporousy, highly endothermic reforming reaction (1), and the mod-
Work in this area is continuing, aiming to improve the hy- erately exothermic water-gas shift reaction (2).

drothermal stability of the resulting membranes.
CH4 +H20 = CO+ 3Hz AH = 4206 kJmol Q)

CO+HO=C H, AH=—-41kJmol 2
6. Membrane reactor application +ha Oz + Ha / )

is the key process by whichaHand synthesis gas are pro-
Due to their excellent material stability SiC inorganic duced industrially. Carrying the SMR reaction in a mem-
membranes are potentially useful for reactive separation ap-brane reactor has the potential for improving conversion and
plications under harsh environments, specifically involving yield, in addition to providing a means for in situ separation
high-temperature steam. The functional performance of the of the H, product.Fig. 12 shows the results of simulations
SiC membranes obtained in this study is evaluated here inwith the SMR being carried out in a packed-bed membrane
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Supercritical fluids in porous composite materials: Direction-dependent flow properties
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The results of extensive nonequilibrium molecular dynamics simulations of flow and transport of a pure
fluid, as well as a binary fluid mixture, through a porous material composed of a macropore, a mesopore, and
a nanopore, in the presence of an external pressure gradient, are reported. We find that under supercritical
conditions, unusual phenomena occur that give rise to direction-dependent and pressure-dependent permeabili-
ties for the fluids’ components. The results, which are also in agreement with a continuum formulation of the
problem, indicate that the composite nature of the material, coupled with condensation, give rise to the
direction-dependent permeabilities. Therefore, modeling flow and transport of fluids, in the supercritical re-
gime, in porous materials with the type of morphology considered in this paper (such as supported porous
membranes) would require using effective permeabilities that depend on both the external pressure drop and
the direction along which it is applied to the materials.

DOI: 10.1103/PhysRevE.73.036312

I. INTRODUCTION

Equilibrium and nonequilibrium properties of fluids and
their mixtures in confined media are of much current interest
[1,2]. Examples of such media include nanoporous and me-
soporous materials, such as catalysts, adsorbents, skin and
biological tissues, and nanoporous thin films that are used as
low-dielectric constant composites, optical coatings, sensors,
and insulating materials. For practical applications, it is im-
portant to understand how flow and transport processes occur
in the pore space of such materials, because even if the prop-
erties of their matrix are of interest, understanding transport
of fluids in their pore space is still critical to characterization
of their morphology, including their matrix.

An important class of nanoporous materials consists of
membranes—either biological or synthetic. The former play
a fundamental role in biological activities of living organ-
isms, while the latter, the focus of the present paper, are
under active investigations, both experimentally and by com-
puter simulations, for separation of fluid mixtures into their
constituent components, and for sensors that can detect trace
amounts of certain chemical compounds. Since molecular
interactions between the fluid molecules, and between them
and the nanopores’ walls, cannot be ignored, one must resort
to atomistic models [3]. Such models, that are typically
based on atomistic simulation of flow and transport of a fluid
mixture through a single nanopore, yield an effective perme-
ability for each component of the mixture flowing through
the nanopore. In practice, however, most membranes consist
of a porous support made of at least two layers of
macropores and mesopores, and a nanoporous film deposited
on the support. Flow and transport of fluids in such compos-
ite porous materials have rarely been studied.

In this paper we report the results of the first atomistic
simulation of flow and transport of supercritical (SC) fluid
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mixtures—those that are in a thermodynamic state above
their critical temperature and/or pressure—in a composite
porous material that consists of three distinct pores, referred
to as the macropores, mesopores, and nanopores. SC fluids
have recently attracted much attention [4], due to the poten-
tial of SC fluid extraction (SCFE) utilizing CO, for removal
of contaminants from water [5], sludges and soils [6], spent
catalysts [7], aerogels [8], and adsorbents [9]. They are also
used for preparing nanosize particles for drug delivery. CO,
is preferred in such applications because it is nontoxic and
nonflammable. The most promising SCFE method is one that
combines a SC fluid with a porous membrane, which prefer-
entially and continuously extracts the solute, leaving behind
a solute-depleted, recyclable SC solvent stream. Experiments
[10] indicate the existence of complex and unusual phenom-
ena: hysteresis in the permeability isotherms at some tem-
peratures but not at others; pressure-dependent permeabili-
ties that exhibit a maximum as a function of the temperature,
and solute rejection that can be positive or negative, depend-
ing on the type of the porous material and the solutes used.
There is currently little fundamental understanding of such
phenomena. We use molecular dynamics (MD) simulations
to study flow and transport of a SC fluid mixture in a model
composite membrane. In practice, a fluid mixture passes
through a porous membrane by applying a pressure gradient
to two opposing external surfaces of the membrane. To simu-
late this process we use the dual control-volume grand-
canonical MD (DCV-GCMD) simulation technique which is
most suitable for simulating transport processes in systems
that operate under an extermal potential gradient. Due to
their thermal/mechanical stability and versatility, carbon
molecular-sieve membranes (CMSMs) have been used by
many groups [11,12] in experimental studies involving sepa-
ration of fluid mixtures. Thus, in this paper we utilize a
model CMSM to carry out the MD studies. One goal of the
paper is to understand the effects of the membrane structure,
and the pressure gradient applied to the membrane, on the
flow properties of the fluid mixture passing through the
membrane.

©2006 The American Physical Society
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FIG. 1. A snapshot of the three-pore system and the distribution
of pure CO, in it, when the upstream condition (higher pressure) is
maintained either in the control volume which is connected to the
macropore, or that connected to the nanopore.

The plan of this paper is as follows. In the next section we
describe the details of the model of the membrane that we
use and the MD simulation technique that we utilize. The
results are presented and discussed in Sec. III. The paper is
summarized in Sec. IV.

II. MOLECULAR DYNAMICS SIMULATION

Recent MD simulations [13] indicate that atomistic-scale
transport in a pore is hardly influenced by the pore’s shape.
Thus, as a prelude to understanding flow and transport of SC
fluid mixtures in a real membrane, we consider the same
phenomena in the composite pore system shown in Fig. 1,
which consist of three slit pores in series. (A somewhat simi-
lar pore model was utilized by Diiren ef al. [13] in their study
of gas transport through a membrane.) Each pore represents
one layer of a three-layer supported membrane. The pores’
heights are 77, 23, and 10 A, while they all have the same
length, about 43 A. The membrane is connected to two con-
trol volumes (CVs) that are exposed to the bulk fluid at high
and low chemical potentials u or pressures P. Periodic
boundary conditions are used only in the y direction (perpen-
dicular to the plane of this page). The external driving force
is a chemical potential or pressure gradient applied in the x
direction.

We consider flow and transport of pure CO,, as well as a
mixture of CH, (component 1) and CO, (component 2), in
the membrane. The two components, as well as the carbon
atoms that the pores’ walls consist of, are represented by
Lennard-Jones (LJ) spheres and are characterized by effec-
tive LJ size and energy parameters, o and &, respectively. We
used oc=3.4 A, and ec/kp=28 K for the carbon atoms; o,
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=3.81 A and &,/kz=148.1 K for CH,, and ¢,=3.79 A and
&,/kp=225.3 K for CO,. For the cross-term LJ parameters
the Lc&ntz—Berthelot combining rules were used, namely,
£1,=\¢&,&,, and cr,zzé(al +0,). We also used a more realis-
tic model for CO, that consisted [14] of three LJ interaction
sites on the three atoms, plus point charges to account for the
quadrupole moment of CO, molecules, but found no signifi-
cant effect on the results.

Although MD simulations have been used for studying
SC fluids in the bulk [15], very few such studies have inves-
tigated the behavior of SC fluids in small pores [16,17]. As
mentioned earlier, we use the DCV-GCMD method [14,18]
which combines the MD method in the entire pore system
with the grand-canonical Monte Carlo (GCMC) insertions
and deletions of the molecules in the CVs. Therefore, to
mimic the experimental conditions, the densities, or the cor-
responding chemical potentials, of the components in the
CVs were maintained using a sufficient number of GCMC
insertions and deletions. The probability of inserting a par-
ticle of component i is given by

. Zch
pi= mln(N 1 exp(— AE/kgT), 1), (1)

where Z;=exp(u,;/kgT)/ A} is the absolute activity at tem-
perature T, A;, and u; are, respectively, the de Broglie wave-
length and chemical potential of component i, AE the poten-
tial energy change resulting from inserting a particle, and V.
and N; the volume of the CV and number of atoms of com-
ponent i in each CV, respectively. The probability of deleting
a particle is given by

N,
P = min( ?"/L exp(— AE/kgT), 1 ) . (2)
The two CVs are well mixed and in equilibrium with the two
bulk phases that are in direct contact with them. The chemi-
cal potentials were converted to equivalent pressures using a
LJ equation of state [19].

The molecule-molecule interactions were modeled with
the cut-and-shifted LJ 6—12 potential with a cutoff distance,
r.=40. To calculate the interactions between the fluids’ mol-
ecules and the walls, we used the LJ potentional for the
interactions between the molecules and the individual carbon
atoms on the walls, arranged as in graphite. The cutoff dis-
tance between the molecules and the carbon atoms on the
walls was r.=3.50. Typically, ten GCMC insertions and de-
letions in each CV were followed by one MD integration
step. The temperature, T=35 °C, was held constant in order
to eliminate any contribution of the temperature gradient to
the transport.

The Verlet velocity algorithm was used to integrate the
(dimensionless) equations of motion with a dimensionless
time step, Ar'=5X1073 (i.e., At=0.006 85 ps). The equa-
tions of motion were integrated with up to 1.2X 107 time
steps to ensure that the system was at steady state. Molecules
that crossed the outer boundaries of the CVs were removed.
The number of such molecules was, however, small, typi-
cally about 1% of the total number of molecules that were
deleted during the GCMC simulations. In addition, for each
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component we allowed for a nonzero streaming velocity (the
ratio of the component’s flux and concentration) in the pore
system, consistent with the presence of a bulk pressure/
chemical potential gradient along the x direction. In the CVs,
however, the overall streaming velocity was zero. Isokinetic
conditions were maintained by rescaling the velocity inde-
pendently in the three directions.

Two important quantities of interest are the density profile
pi(x) of component i along the x direction, the direction
along which the chemical potential gradient Vu is imposed
on the membrane, and p}(z), the density profile in the yz
planes that are perpendicular to the direction of Vu. The
density profile pj(x) was computed by dividing the simula-
tion box in that direction into grids of size, £=1.120,. For
each MD step, p;(x) was computed by averaging the number
of particles of type i over the distance €. A similar procedure
was used for computing the density profile p(z) in the yz
planes that are perpendicular to the direction of V u, with the
averaging done over asmall distance which were about
0.670;, 0.210y, and 0.090, for the macropores, mesopores,
and nanopores, respectively.

In addition, a most important characteristic property of a
membrane is the permeability of a fluid passing through the
membrane. Thus, for each component i we calculated its flux
J; in the direction of the applied chemical potential or pres-
sure gradient. The permeability K; of the component i is then
given by Darcy’s law

Ji

Ki= APJL’ ®)
where AP;=x;AP is the partial pressure drop for species i
along the pore system, with x; being its mole fraction, AP the
total pressure drop imposed on the system, and L the sys-
tem’s length. We computed the permeabilities for two cases.
In one, the upstream condition (higher pressure) was main-
tained in the CV connected to the macropore, while in the
second case the upstream condition was maintained in the
nanopore.

III. RESULTS AND DISCUSSION

We first describe the results for pure CO,, and then
present and discuss those for a binary mixture of CO, and
CH,. Figure 1 presents a snapshot of the pore system and the
distribution of CO, molecules in it. The upstream and down-
stream pressures were 8373 kPa (1215 psi) 4926 kPa
(715 psi), respectively. In both cases, the state of CO, in the
nanopores and mesopores is liquidlike, caused by condensa-
tion. The state of CO, in the macropore, on the other hand,
depends on where the upstream condition is maintained. If
the upstream condition is maintained in the CV connected to
macropore, then the CO, density in the pore is high almost
everywhere, resembling a liquidlike state. If, on the other
hand, the upstream condition is maintained in the CV con-
nected to the nanopore, the CO, density in the macropore
near its entrance to the mesopore is high, but decreases
somewhat as one gets away from this region towards the CV
on the left side of the figure. These are consistent with the
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FIG. 2. Time-averaged density profiles p*(x) of pure CO; in the
transport direction x. The system is at steady state.

time-averaged density profile p*(x) of CO, shown in Fig. 2.

Figure 3 presents the CO, permeabilities as a function of
the upstream pressure, when a pressure drop AP=3447 kPa
(500 psi) was applied to the pore system. The direction de-
pendence of K is striking, with the permeabilities in the two
opposite directions differing by a factor which can be as
large as nearly four. Moreover, the trends for the two cases
are opposite of each other. Whereas K decreases when the
upstream is on the macropore side, it increases when the
direction of AP is reversed. The reason can be understood by
considering Figs. 1 and 2: at a constant overall AP, with
increasing the upstream pressure on the macropore side,
practically the entire pore system is packed with CO, mol-
ecules. This makes the passage of the molecules from the
macropore to the mesopore very difficult, resulting in re-
duced values of K. On the other hand, at the same overall
AP, increasing the upstream pressure when applied on the
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FIG. 3. The permeability of pure CO, when a pressure drop
AP=3447 kPa (500 psi) is applied to the pore system.
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FIG. 4. Time-averaged temperature distribution in the pore sys-
tem used in the simulation of the CO,-CH, mixture.

nanopore side moves the transition point between a gaslike
and liquidlike state to inside the macropore, hence making
the passage of the molecules from the mesopore to the
macropore easier, which increases K in that direction.

We now present the results for the binary mixture. Figure
4 shows the (dimensionless) temperature (averaged in the yz
planes) throughout the pore system, which indicates that it
remains constant. Hence, all the possible effects due to a
temperature gradient have been eliminated. Figure 5 presents
a snapshot of the pore system and the distribution of CO,
and CH, molecules in it, after the steady state was reached,
with the upstream and downstream pressures being 1215 psi
(8373 kPa) and 515 psi (3548 kPa), respectively. To under-
stand the distributions of the two molecules in the pores
better, we present in Figs. 6 and 7 the time-averaged densi-
ties p;(z) for the two molecules at six different planes that
are perpendicular to the direction of AP (the coordinates’

3548 KPa

8373 KPa

3548 KPa

z

FIG. 5. A snapshot of the pore system with the distributions of
CO, (circles) and CHy (triangles) in an equimolar mixture. The
system is at steady state.
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center is on the centerline that passes through the three
pores). Figure 6 shows the density profiles when the up-
stream condition is maintained in the CV which is connected
to the macropore. In plane 1 near the pore mouth connected
to the CV, two layers of each type of molecule have been
formed. One, with high densities, is near the walls, while the
second one with lower densities is closer to the center. In the
opposite plane (denoted by 2 in Fig. 6) near the macropore
mouth that connects it to the mesopore, the density profiles
look chaotic, with several layers of the two molecules form-
ing. This is caused by the entrance effect whereby, due to the
size of the mesopore which is much smaller than that of the
macropore, a large number of molecules accumulates at the
macropore’s entrance to the mesopore. But, if we inspect the
density profiles just inside the mesopore (denoted by 3 in the
figure), we find again that two layers of each type of mol-
ecules have been formed inside the mesopore. The mol-
ecules’ distributions in the region where the mesopore is con-
nected to the nanopore (denoted by 4 in the figure) are
qualitatively similar to those in plane 2, and are again domi-
nated by the entrance effects. The very small size of the
nanopore allows only monolayer formation. As a result, one
obtains the density profiles shown in Fig. 6 for planes 5 and
6 shown in the figure. The same qualitative patterns are ob-
tained when the upstream condition is held in the CV con-
nected to the nanpore (see Fig. 7), but with one difference:
Only one layer of each type of molecules has been formed in
plane 1, where the macropore is connected to the CV. This is
clearly caused by the low downstream pressure which gives
rise to a gaslike state in that region, and is also consistent
with the snapshot of the pore system shown in Fig. 5.

Figure 8 presents the time-averaged density profiles p;(x)
of the two components (averaged in the yz planes) for the
two upstream conditions. The mixture is equimolar. The den-
sities in the two bulk regions are constant, as they should be.
As one moves from the macropore to mesopore to nanopore,
the densities, regardless of the direction of AP (or the up-
stream condition), increase since the pores’ sizes decrease. A
closer inspection of the densities in the pores indicates that,
for the applied AP, one has a gaslike (low density) mixture
in much of the macropore in both cases, followed by a tran-
sition to a liquidlike mixture (due to condensation) which
packs the mesopores and nanopores completely at high den-
sities. The position of the transition line from the gaslike to
liquidlike mixture depends on the pores’ sizes and the direc-
tion of AP. The density profiles shown in Fig. 8 are consis-
tent with the snapshot of the system shown in Fig. 5, as they
should be. At the same time, we should point out that, al-
though we carried out long simulations, the slight increase in
the density profile p(x) of CO, (the dashed curve) in the
nanopore, when the upstream condition is imposed on this
pore (see the upper panel in Fig. 8), could still be due to
nonequilibrium effects that may be exceedingly difficult to
detect in our simulations.

Figure 9 presents the permeabilities of the two compo-
nents in an equimolar mixture with AP=4825 kPa (700 psi),
computed when the pressure drop was applied in the two
opposite directions shown in Figs. 1 and 5, and the upstream
pressure was varied. The same qualitative patterns are ob-
tained when other values of pressure drops are applied, and
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FIG. 6. Time-averaged density profiles p}(z) of CO, (dashed curves) and CH, (solid curves), when the upstream condition is maintained
in the control volume connected to the macropore. The mixture is equimolar.

the upstream and downstream conditions are such that one
crosses from a subcritical region to a supercritical one (the
critical pressure for CO, is about 7380 kPa). In addition to
the fact that the pressure dependence of K, and K, is in
qualitative agreement with experimental data [10,20], an-
other noteworthy feature of Fig. 9 is that the permeabilities
differ significantly, with K,—that of CO,—being larger. The
reason is that, due to affinity of CO, for carbon surfaces,
there is significant flow of CO, on or near the walls which is
not the case for CH,. This is particularly important, as the
nanopores and mesopores are packed with molecules and,
therefore, the molecules’ motion in the bulk of the pores is
exceedingly slow. Hence, surface flow becomes important.
The direction dependence of the permeabilities, for both
pure CO, and those in the mixture, may be explained based
on a continuum model. As is well known, transport in a
macropore is dominated by convection, which gives rise to a
permeability independent of the direction of the applied pres-

sure gradient. In a mesopore, transport is by a combination
of convection and Knudsen diffusion [2,20], whereas in a
nanopore, due to its small size and the condensation phe-
nomenon, transport occurs mostly through surface flow.
While condensation does play a role in the direction depen-
dence of the effective permeabilities, the most important fac-
tor appears to be the composite nature of the system. To see
this, we make an analogy between the resistances that the
three pores in series offer against transport and that of elec-
trical resistors. Then, because the three pores are in series,
the effective permeability K, of the pore system is given by

e 35

(4)
i=1 \ L

where K; and L, are, respectively, the overall permeance and

length of pore number i. It is now not difficult to show that it

is the nonlinear dependence of K, on K; that is mostly re-
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FIG. 7. Same as in Fig. 6, but when the upstream condition is maintained in the control volume connected to the nanopore.

sponsible for its direction dependence. This is true even if
one has a gaseous mixture in the composite pore system, as
opposed to liquidlike mixtures (caused by condensation) that
we deal with in our pore system. To show this, we proceed as
follows.

Consider, first, transport of a gas in a single pore and
assume that the gas is transported by a combination of con-
vection and Knudsen diffusion. Hence, its flux is given by
[2,20,21]

(5)

where Dy is the Knudsen diffusivity of the gas. K, is a per-
meability coefficient defined for gases (according to Darcy’s
law, K,P is what is usually referred to as the permeability).
K, is independent of the pressure. Assuming, as usual, that
D, is also independent of the pressure, then, since the flux J

is constant at steady state, Eq. (4) can be easily integrated to
yield
-1 1 2 2
J=-L Dk(Pz—P1)+5Kp(P2—P1) , (6)
where P; and P, are the applied pressure at the pores’ ends,

and L is its length. According to Eq. (6), the magnitude of the
flux and, therefore, the effective permeability K, given by,

1
K8=Dk+ EKP(P1+P2), (7)
are independent of the direction of the applied pressure drop,
AP=P,-P,, because the interchanges, P,— P, and P,
— P, would not alter Eq. (7). Note that, even if we replace
the convective term of Eq. (5) by KdP/dx, which is the
appropriate form for liquids and the liquidlike mixtures (such
as those under supercritical conditions), the conclusion that
in a single pore K, does not depend on the direction of AP
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will remain true, since in that case, K6=Dk+%K.

Next, consider two pores that are in series, and suppose
that the pressure at the interface between them is P; [21]. We
assume that in one pore, say pore 1, convection is the domi-
nant mechanism of transport (as in the macropore), while
both convection and Knudsen diffusion contribute to trans-
port in pore 2 (as in the mesopore). Hence, using Eq. (6), we
write down the following expressions for the fluxes J; and J,
in the two pores

1.2
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0.4 1

0.2 1

0.0
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FIG. 9. The dependence of the permeabilities of CO, (circles)
and CH, (triangles) on the upstream pressure, when a pressure drop,
AP=4825 kPa (700 psi), is applied in the two opposite directions.
Continuous and dashed curves show, respectively, the results when
the upstream pressure is maintained at entrance to the macropore
and nanopore.
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1
Jl=_5LQK§KP?—Pb, (8)

1
Jy=-L;' DEKPZ—P9+5KfKP§—Pb O

At steady state, J;=J,. Therefore, we only need to determine
the pressure P;, which is obtained by requiring that, J,=J,,
yielding a second-order equation, aPi2+bP,»+c=O, in which
the parameters a, b, and c are given by

1
a= E[aKI(,I) + K;,Z)],

2
b=D?,
Lxwp, Lpop po
c==| ek P+ KPP+ DPPy . (10)

where a=L,/L;. It is now not difficult to see that the mag-
nitude of the flux, J=J,=J,, depends on the direction of AP
by making the interchanges, P; — P, and P,— P, in agree-
ment with the MD simulations presented above. Clearly, the
same approach can be extended to the three-pore system we
use in the simulations. Moreover, the conclusion will not
change if, for example, Knudsen diffusion is the dominant
transport mechanism in one pore, while convection contrib-
utes the most to the transport in another pore.

IV. SUMMARY

The results presented in this paper indicate the signifi-
cance of the pore structure and the fluids’ state to their trans-
port through a porous material. In particular, aside from be-
ing in qualitative agreement with our preliminary
experimental data [22], the results have two important impli-
cations:

(1) The classical modeling of transport of fluids through
porous membranes, based on a single effective permeability
independent of the direction of the applied pressure gradient,
is inadequate if they have a composite structure similar to
what we use in the present paper. This is usually the case
when the membrane has a support structure.

(2) Unlike the popular practice, a single pore is a gross
and inadequate model of an actual composite (supported)
membrane, which typically consists of several layers, each
characterized by their own morphological and transport
properties [21].

In practice, supercritical fluid extraction using CO, is uti-
lized when the mixture contains heavier hydrocarbons, such
as pentane and hexane. In such cases, the molecular structure
of the hydrocarbons and their motion through the nanopores
give rise to additional complexities, such as freezing phe-
nomena whereby the mixture does not move appreciably
even over long periods of times. Molecular dynamics simu-
lation of flow and transport of such mixtures through the
pore system considered in this paper is underway. The results
will be reported in a future paper [23].
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Abstract

SiC microporous membranes were prepared by the pyrolysis of thin allyl-hydridopolycarbosilane (AHPCS) films coated, using a combination
of slip-casting and dip-coating techniques, on tubular silicon carbide macroporous supports. Combining slip-casting with dip-coating significantly
improved the reproducibility in preparing high quality membranes. The membranes prepared, so far, exhibited an ideal H,/CO, selectivity in the
range of 42-96, and a H,/CH, ideal selectivity in the range of 29-78. Separation factors measured with the same membranes, using equimolar
binary mixtures of H, in CO, and H, in CHy4, were similar to the ideal selectivity values. Steam stability experiments with the membranes lasting 21
days, using an equimolar flowing mixture of He/H,O at 200 °C, indicated some initial decline in the permeance of He, after which the permeance

became stable at these conditions.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Silicon carbide membrane; AHPCS; Slip-coating; Dip-coating; Gas separation

1. Introduction

Growing interest in the hydrogen economy is motivat-
ing research on inorganic, hydrogen-permselective membranes,
which can be used in processes (related to H, production) that
take place at high-temperatures and pressures. A promising can-
didate material for a variety of inorganic membrane applications
is SiC due to its many unique properties, such as high thermal
conductivity [1], thermal shock resistance [2], biocompatibility
[3], resistance in acidic and alkali environments [4], chemical
inertness, and high mechanical strength [5,6]. There are rela-
tively few reports discussing the preparation of SiC membranes.
Two different approaches have been utilized. One involves the
use of chemical-vapor deposition (CVD)/chemical-vapor infil-
tration (CVI) techniques, while the other approach is based on
the pyrolysis of polymeric precursors.

Takeda et al. [7] prepared SiC membranes by CVI,
using SiH>Cl, and C;H; diluted with Hp, and vy-Al,Os3
tubes as supports. Their membrane had a H, permeance of
1x 1078 molm=2s~!Pa~! at 350°C, with an ideal Hy/N,
selectivity of 3.36, lower than the corresponding Knudsen value.

* Corresponding author. Tel.: +1 213 740 2069; fax: +1 213 740 8053.
E-mail address: tsotsis @usc.edu (T.T. Tsotsis).

0376-7388/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2006.11.027

Sea et al. [8] prepared a SiC membrane using an a-alumina
tube as support by CVD of (C3H7)3SiH (tri-isopropylsilane or
TPS) at 700-800 °C. After CVD, the membrane was calcined
at 1000 °C in Ar, then tested with pure gas permeation, and was
shown to follow a Knudsen mechanism, with Hy permeance
in the range (5-6) x 107" molm~2s~! Pa~!. A permeation test
was also carried out with a Hy—H>,O-HBr gas mixture (molar
ratio 0f 0.49:0.5:0.01) between 200 and 400 °C. In the beginning
of the test, the Ho/H>O separation factor was higher than the
Knudsen value (~5). Exposure of the membrane to the mixture
at 400 °C resulted in a decline of the H, permeance during the
first 50h (by a factor of ~2.5); the permeance stabilized after
that, remaining constant for the remainder of the run, which
lasted 120h [8]. Pages et al. [9] prepared Si:C:H membranes
on alumina supports using plasma enhanced CVD (PECVD) of
diethylsilane; the resulting membranes had a permeance in the
range of (1077=107%) molm~2s~! Pa~! for Hy, but with an
ideal separation factor for Hy/N; in the range (3—4).

Our group was the first to report [10] the preparation
of microporous SiC membranes using CVD. We utilized
CH3SiH,CH,SiH3 (1,3-disilabutane or DSB) to prepare mem-
branes on y-Al, O3 tubular supports. To prepare the membranes,
the substrates were exposed to the DSB vapor at temperatures
between 650 and 750 °C. Nanoporous membranes were pre-
pared with a He permeance of 3.5 x 10" molm2s~! Pa~!,
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and a He/N; selectivity of ~55 at 550 °C. The DSB membranes
were thermally stable, but did not fare well in the presence of
high-temperature steam, being unstable. We have alsoused CVD
of TPS at 700-750 °C to prepare SiC membranes. Depending
on the preparation conditions, the He permeance ranged from
8.06 x 1078 to 1.72 x 107 ®molm—2s~! Pa~! with a He/N,
ideal selectivity ranging from 4 to >100. These membranes
are also stable in the presence of high-pressure (1-3bar) and
temperature (<750 °C) steam. However, the preparation pro-
cedure involves multiple steps, which makes it costly, and
requires a high-temperature (1000 °C) treatment, which places
a great burden on glass end-seals and membrane housing during
the CVD/CVI process. More importantly, the high-temperature
post-treatment further modifies the nanoporous structure of the
membrane prepared at the lower temperature. Therefore, the
final product quality is difficult to predict and control; from
a membrane manufacturing standpoint, the advantage of the
on-line control of the CVD/CVI technique is, therefore, lost.
To overcome these hurdles, we have pursued, in tandem
with TPS CVD/CVI, a dip-coating technique through the
pyrolysis of allyl-hydridopolycarbosilane (AHPCS), a partially
allyl-substituted hydridopolycarbosilane (HPCS). The choice of
AHPCS is because it is curable in the presence of inert Ar gas,
rather than oxygen (as are other PCS pre-ceramic polymers). In
fact, curing in oxygen introduces Si—O—C linkages in the result-
ing PCS-derived ceramics, which have proven thermally and
hydrothermally unstable. The use of HPCS was first proposed
by Interrante etal. [11,12]. The primary pyrolysis product of both
HPCS and AHPCS is a SiC ceramic, having a Si—C bond link-
age. Increasing the fractions of allyl groups slightly increases the
carbon content of the final ceramic, and also makes the polymer
cross-linkable at lower temperatures. The membranes we pre-
pared with conventional dip-coating possessed He permeance
in the range (1073-10"7) molm~2s~! Pa~!, and had an ideal
separation factor of about 20 for He/N, at 200 °C [10]. They
proved thermally stable but, however, did not fare well in the
presence of high-temperature steam, proving highly unstable.
Prior to our study, other investigators had reported the pyrol-
ysis of PCS and other polymers for the preparation of SiC
membranes. Morooka and coworkers [4,13,14], for example,
used a PCS that they cured in oxygen to prepare a Si—-O—C mem-
branes on y- and a-Al,O3 tubular substrates with an oxygen
content of 13—18 wt%, using polystyrene (PS) as the pore for-
mer. A membrane prepared with 1% PS had a H, permeance of
4 x 1078 molm~2s~! Pa~!, and an ideal Ho/N; selectivity of 20
at 773 K. The membrane was unstable in Ar at 1223 K, and also
hydrothermally unstable when exposed to a 7.8 wt% H;O in He
mixture at 773 K. Lee and Tsai [15,16] prepared Si—~C—O mem-
branes by the pyrolysis of polydimethylsilane (PMS). The PMS
undergoes a thermolytic reaction at 733 K for 14 h under 1 atm
of Ar, followed by O, curing at 473K for 1h. The layer was
finally pyrolyzed at various temperatures from 523 to 1223 K
to produce the membranes. The membrane pyrolyzed at 873 K
had the best separation characteristics, exhibiting a He per-
meance of ~1.4 x 1072 molm2s ' Pa~!, a H; permeance of
~2.7 x 107" molm~2s~! Pa~!, and an ideal Hy/N> selectivity
of 20 at 473 K. Membranes prepared at the higher pyrolysis tem-

peratures were not microporous. Chen and Tsai [17] prepared
PMS-derived SiC membranes in an autoclave under a N, atmo-
sphere at low temperatures. Exposure of the membranes to steam
increased their permeance, and returned their ideal selectivities
to their Knudsen values. Since our study [10], two other groups
have prepared membranes by pyrolysis of PCS-type polymers
cured in the absence of O,. Suda et al. [18] prepared SiC mem-
branes by dip-coating PCS on a-alumina tubes (PS was used as
the pore-former for some of the membranes). Their membranes
exhibited ideal separation factors of 90—150 for H»/N», and H»
permeance in the range of (1-3) x 10" ¥ molm=2s~! Pa~! at
373 K. Nagano et al. [19] prepared SiC membrane by dip-coating
of PCS on +vy-alumina supports, and reported H, permeance
~10~7molm~2 s~ Pa~!, and an ideal separation factor of 812
for Hy/N5 at 873 K.

Past studies presented only single gas permeation data; other
than the membranes prepared by TPS CVD [10], the rest
were shown to be unstable in steam. Membranes prepared by
AHPCS pyrolysis [10] showed good separation factors and ther-
mal stability, but also proved unstable in steam. The principal
goal of the present study, therefore, was to improve membrane
hydrothermal stability. Another important goal was to improve
the reproducibility of the fabrication method, since one of the
factors that have, so far, hampered the broad application of inor-
ganic membranes is their cost [20]. In this paper, we report
significant improvements on the fabrication of high performance
SiC membranes using a combination of slip-casting and dip-
coating techniques. Membranes are prepared that are stable
under conditions that are relevant to the WGS environment. The
effect of low temperature oxidation on the properties of these
membranes is also reported here.

2. Experimental

Ultra-high purity gases (He, Hy, Ar, CO,, from Glimore Lig-
uid Air Company, and CH4 from Specialty Air Technologies,
Inc.) were used in the experiments. They were further purified
using standard moisture traps. For the CO5, in addition, we uti-
lized a Hi-EFF® organic trap (Alltech). Porous SiC support tubes
were prepared using uniaxial cold-pressing of $-SiC powder
(HSCO059, by Superior Graphite Co., with an average particle
size of 0.6 pm as reported by the manufacturer), together with
the appropriate sintering aids. For sintering, the green samples
were heated at a temperature of 1800 °C, where they were kept in
a furnace (Thermal Technology Inc., Model 1000-4560-FP20)
for 3h in flowing He. After sintering, the samples were cooled
down to room temperature (cooling rate of 3 °C/min). The tubes,
after sintering, had dimensions of 40 mm x 12 mm, with a thick-
ness of 3 mm. Further details about the sintering characteristics
of various SiC powders and the preparation of porous supports
were presented elsewhere [21].

The support tubes used in the membrane preparation were
treated in air at 450 °C, with the purpose to oxidize any residual
carbon that may be introduced during preparation, sonicated
several times in acetone, and then dried prior to membrane
film deposition. In order to prepare the slip-casting solution,
the 0.6 um SiC powder was mixed with acetone, and the
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lighter particles floating on the solution top were separated
and dried. Scanning electron microscopy (SEM, Philips, XL3)
observations of these particles indicated their size was mostly
~100-200 nm. The dip-coating solution was prepared by dis-
solving AHPCS (SMP-10, Starfire Systems, Inc.) in hexane
(10 wt%). A solution containing 10 wt% of these SiC particles
in the dip-coating solution constitutes the slip-casting solution.

Slip-casting was used to coat the first layer on the outer sur-
face of the support tubes. To prepare this layer, the tube was
placed in the slip-casting solution for 12 s and, then, drawn out
of the solution at a speed of 2mm/s. The coated tubes were
heated in flowing Ar in a tube furnace (Lindberg/Blue, Model
STF55433C) at a rate of 2 °C/min, first to 200 °C, where they
were kept for 1 h, then to 400 °C, where they were also kept for
1 h, and finally to 750 °C, where they were kept for an additional
2 h. Subsequently, they were cooled down to room temperature
in flowing Ar with a cooling rate of 3 °C/min. The reason for
the relatively slow heating (and holding at 200 °C) is that we
have found (as did others [11,18]), that using such heating rates,
and treatment at lower temperatures result, generally, in bet-
ter cross-linked amorphous SiC materials [11], and membranes
with higher hydrogen permeabilities [18].

For membrane preparation, additional layers were deposited
on the support tubes, with the slip-casted SiC layer on the top, by
dip-coating with the 10 wt% solution of AHPCS in hexane using
the same procedure (i.e., 12s of dipping time, drawing rate of
2 mm/s). The membranes, reported here, were dip-coated four
times. After each coating, the new layer was pyrolyzed follow-
ing the same protocol with the slip-casted layer. Layer-by-layer
dip-coating and pyrolysis result in membranes with decreased
permeance and higher separation factors. Depositing several thin
layers, instead of a single thick layer, provides the advantage of
facilitating the release of the gases from the pyrolysis process,
and also decreases the chance of defect formation due to film
shrinkage.

After coating the final layer, the membranes were typically
treated in air for 2h at 450°C with the purpose to oxidize
potential residual carbon. This, in general, results in higher
permeances and lower separation factors (the effect of low
temperature air treatment is discussed further later). Although
AHPCS has been reported to result in a SiC ceramic with a
near stoichiometric Si:C ratio [11], one cannot exclude the pos-
sibility that after pyrolysis there may remain trivial amounts
of carbon, which may influence membrane performance. Low-
temperature air oxidation has been shown effective in removing
minute amounts of carbon, for example as a common way for
carbon nanotube purification [22-24]. By oxidizing in air the
SiC membranes, prior to their use, one ensures that no further
variation in membrane properties will occur due to accidental
exposure to air.

Surface and cross-section morphologies of the mem-
branes were characterized by SEM. AHPCS-derived powders,
pyrolyzed with the same protocol as the membranes, were
analyzed by X-ray diffraction analysis (XRD, Rigaku X-ray
diffractometer with Cu Ka radiation). Permeation experiments
were carried out using a Wicke-Kallenbach-type permeation
apparatus previously utilized to measure permeation through

flat-disk SiC membranes [10]. In order to use this apparatus for
tubular membranes, one end of the membranes is completely
sealed using graphite tape and high-temperature non-porous glue
(J-B WELD); the other end of the membrane is attached to
a flat metal ring using the same glue. The metal ring bearing
the membrane is then installed in between the two half-cells of
the permeation test-unit using O-rings. Single-gas permeation
experiments were carried out by flowing a given gas through the
apparatus half-cell facing the membrane dead-end, under con-
stant pressure and temperature, and by measuring the amount of
gas that permeates through the membrane to the permeate side
which was maintained at atmospheric pressure. In the experi-
ments reported here, the pressure drop across the membranes
was kept at 207 kPa (30 psi), and the temperature was varied
from room temperature to 200 °C. We report the ideal selectiv-
ity for these membranes, which is defined as the ratio of the
permeances of the different gases.

Mixed-gas permeation tests were also carried out with select
membranes using equimolar binary (H»/CH4, and H>/CO») gas
mixtures. For the mixed-gas experiments, in addition to the gas
flow to the permeate side of the membrane, the composition
was also analyzed using a mass spectrometer. During the exper-
iments, the flow of gas permeating through the membrane was
less than 0.5 percent of the gas flowing in the feed-side. There-
fore, it was assumed that the concentration in the feed-side
remained invariant. Steam stability tests, using an equimolar
mixture of He and water, were also conducted with the mem-
branes at 200 °C. Water was delivered by a metering micro-pump
into a stainless steel steam vessel (vaporizer) in flowing He. The
vaporizer was filled with glass beads for better mixing, and its
temperature was kept constant at 200 °C.

3. Results and discussion
3.1. Membrane characterization and performance

The quality of the membrane support is known to be important
in determining the quality of the membranes that are prepared
using these supports. Large defects in the supports are thought to
lead to defects in the membranes, resulting in low reproducibility
in preparing membranes with high separation factors. The abil-
ity to strongly anchor the thin films on the underlying supports
is also of key importance. In our prior study [10] we directly
dip-coated the membrane films; the resulting membranes had
good separation characteristics, but proved to be hydrothermally
unstable. In this study we have used slip-casting in order to first
condition the surface of supports. Slip-casting results in the for-
mation of a film which strongly adheres onto the underlying
support, as manifested by the superior hydrothermal stabil-
ity of these membranes (see further Section 3), and on which
we deposit the subsequent layers by dip-coating. In addition,
the success rate in preparing “good” microporous membranes
using the porous SiC tubes modified by slip-casting was much
higher than when preparing membranes using the original sup-
port tubes (a “good” membrane is one with an ideal Ho/CHy
separation factor ~30 or larger, and with a hydrogen permeance
>10~" molm~2s~! Pa—! at 200°C).
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Fig. 1. XRD of an AHPCS-derived amorphous SiC powder pyrolyzed at 750 °C
for 2 h along with Joint Committee on Powder Diffraction Standards (JCPDF)
card number 29-1129 for crystalline B-SiC.

The type of powder used during slip-casting has also a sig-
nificant effect on the ability to prepare appropriate top layers,
which in turn can be used for further membrane deposition in
the preparation of high performance membranes. For exam-
ple, using a different 3-SiC powder with an average size of
30nm (provided to us by Sumitomo Osaka Cement Co.) did
not result in smooth uniform top layers. Instead, after pyrol-
ysis the particles agglomerated on the support tube surface.
The difference in behavior could be attributed to the chem-
ical or physical differences between these two SiC powders,
which came from two different manufacturers [25-27]. In fact,
we found that the Sumitomo powder was more difficult to uni-
formly disperse in solution and, therefore, to use for producing
a homogeneous slip-casting solution. The thickness of the slip-
casted film also influences membrane performance. Too thick of
a film (prepared, for example, by increasing the residence time
in the slip-coating solution) resulted in membranes with poor
performance.

In our previous paper, X-ray photoelectron spectroscopy
(XPS) analysis and in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) were utilized to follow the
various processes that occur during the pyrolysis of AHPCS to
produce SiC [10]. We noted that increasing the pyrolysis tem-
perature increases material crystallinity, as indicated both by the
XRD and DRIFTS spectra [10]. Fig. 1, for example, shows the
XRD of the AHPCS-derived SiC. The broad peaks show that
the SiC is still primarily amorphous.

Fig. 2 is the SEM picture of the cross-section and the top sur-
face of one of the membranes. The thickness of the membrane
layer is about 2 wm, and sits on top of the SiC support. Energy
Dispersive X-ray (EDX) analysis of the membranes revealed
the presence of some oxygen in the structure of the membrane.
Since the curing and cross-linking of the AHCPS takes place in

Spot Magn Det WD Exp
vV 3.0 1000x SE 169 0

F—— s0um

Fig. 2. SEM pictures showing the cross-section and the top view of a SiC
membrane.

the presence of Ar, it is unlikely that the oxygen will be intro-
duced during the pyrolysis stage. There are reports, however,
indicating the presence of minor amounts of oxygen in the struc-
ture of AHPCS-derived SiC (ranging from 3 to 6.7 wt%), and
which claimed that the oxygen is introduced into the structure
during the polymer preparation or handling stages [12,28,29]
(however, the wt% of oxygen in these studies is calculated by dif-
ference during elemental analysis, and is not likely to be highly
accurate). What is more likely is that the oxygen detected by
EDX is the result of membrane exposure to air prior to the anal-
ysis; however, elemental analysis of SiC powders before and
after low-temperature (450 °C) oxidation in air indicated that
the Si:C ratio remains practically invariant, so that any oxygen
incorporation, if present, is likely to be limited to the surface
region.

Before coating the membranes, the He and Ar permeances
(and the ideal selectivity) of the SiC supports were measured
at room temperature. The permeance of He was of the order
~10~"molm~2s~! Pa~!, corresponding to an ideal separation
factor of 2.6 for He/Ar (below the Knudsen value of 3.16). After
deposition of the membrane film on the supports, the permeance
of the resulting membranes was again measured at room tem-
perature. Membranes, which exhibited separation factors higher
than 6 at room temperature, were selected for further testing at
higher temperatures.

Single-gas (Hz, CHy4, and CO,) membrane permeance, and
the corresponding ideal separation factors at 200 °C (for a num-
ber of membranes that were previously treated in air at 450 °C)
are presented in Table 1. As can be seen, the membranes show
relatively high ideal separation factors, ranging between 42-96
for Hy over CO», and 29-78 for H, over CH,4. The permeance

;zljllgelof single-gas permeances and separation factors, measured at 200 °C, prepared by pyrolysis at 750 °C for 2h

Single gas

Hy CHy CO,
Permeance (x 108 molm=2s~! Pa~!) 0.54-1.18 0.007-0.041 0.006-0.028
S.F. (Hy/gas) 29-78 42-96
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Table 2

Single- and mixed-gas permeation properties of two SiC membranes (I and II), measured at 200 °C, prepared by pyrolysis at 750 °C for 2 h. For the mixed gas
experiments the membranes were exposed to an equimolar mixture of Ho/CH4 or H2/CO;

Single gas Mixed gas Mixed gas
H CHy CO, H, CHy H CO,
Sample I
Permeance (x 108 molm=2s~! Pa~T) 1.18 0.041 0.028 1.01 0.028 0.89 0.018
S.F. (Hy/gas) 29 42 36 50
Sample II
Permeance (x 108 molm=2s~! Pa~1) 0.86 0.026 0.019 0.84 0.023 0.79 0.016
S.FE. (Hy/gas) 33 46 37 50
Table 3
Comparison of permeances and ideal separation factors of a SiC membrane before and after oxidation at 450 °C for 2h
Before oxidation After oxidation
He H, Ar He H, Ar
Permeance (x 108 molm=2s~! Pa~!) 0.89 0.44 0.006 1.21 0.71 0.014
S.E. (He/gas) 2 147 1.7 89

of Hy is in the range of (107°-107%) molm=2s~'Pa~!. As
expected, membranes with higher separation factors had,
typically, lower permeances. The relatively low permeances
of our asymmetric membranes are partly due to the relatively
low permeance of the support itself, and also of the thick
membrane films that are formed. Efforts are currently under
way to improve the permeance of these membranes (e.g.,
through the aid of pore-formers). Extrapolated to a temperature
of 500 °C (see Section 3.2), the expected permeance for Hj is
of the order ~10~7 molm~2s~! Pa~!. By comparison, Pd and
Pd-alloy membranes exhibited, around 500 °C, permeances in
the range of (10_7—10_6) molm=2s ! Pa~! [30]. However,
Pd membranes are known to be sensitive to the presence of
H,S and hydrocarbon impurities; use of Pd-alloy membranes
(e.g., Pd—Ag) also faces challenges for long-term usage at
temperatures significantly higher than 500 °C.

Table 2 summarizes the single- and mixed-gas experiments
with two different membranes using the experimental procedure
previously outlined. The mixed-gas H, permeances (calculated
on the basis of its partial pressure gradient across the membrane)
for the Ho/CH4 mixture are close to the single gas values, while
the CHy permeance decreases, resulting in mixed-gas separa-
tion factor which is ~15-25% higher. The same is true for the
H,/CO, mixture with the mixed-gas separation factors being
~10-20% higher than their single-gas counterparts..

3.2. The effect of low temperature oxidation on membrane
performance

To understand the effect that low temperature oxidation has
on membrane performance, a membrane was prepared with-
out using the final air oxidation step, as previously described
in the membrane preparation procedure, and its H, He and
Ar permeances were measured (see Table 3). Fig. 3 shows Hp

permeances measured at different temperatures with the same
membrane (solid line). Hydrogen transport is by an activated
diffusion process, as shown in Fig. 3, namely,

— EH
Py = Py, exp (RT) 1)

The calculated activation energy is 12 kJ/mol.

After the permeation experiments were completed, the mem-
brane was subjected to air oxidation at 450 °C and its permeation
characteristics were again measured. The H, He and Ar per-
meances of the membrane, after it had been subjected to the
oxidation treatment, are also shown in Table 3. The H; and He
permeances increase substantially; however, the Ar permeance
more than doubles, with the net result that the ideal separation
(He/Ar) decreases from 147 prior to oxidation to 89 after oxi-
dation. The hydrogen diffusional process is again activated, but
the activation energy is somewhat higher, about 17.6 kJ/mol.

-18.6
— — — After Oxidation
-18.8 A =~ 5 Before Oxidation
~ -~
-19 .
@ N
:'_i ‘_E -19.2 iw y=-2.1238x - 14.246
o » . R?=0.9944
Eo 194 4
s E
& 5 196 - L
£ E y=-1.4536x- 16.15
-19.8 R?=0.9992
-20
-20.2
2 2.2 24 26 2.8

1000/T(K)

Fig. 3. H; permeance as a function of temperature for a SiC membrane. Solid
line, membrane without an air oxidation treatment. Broken line, after the mem-
brane had been subjected to a 2 h air oxidation at 450 °C.
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Fig. 4. H and Ar permeance and ideal separation factor as a function of tem-
perature for a SiC membrane at 207 kPa (30 psi) transmembrane pressure.

Though the transport of both He and H» is activated, the
permeation of Ar is not, as shown in Fig. 4. This indicates, as
noted in our prior publication [10], that Hy (and He) transport
through a different set of pores in the membrane than Ar and the
other gases with larger kinetic diameter (CH4 and CO»). In fact,
the permeance of Ar follows a (1/7)* dependence on tempera-
ture, indicative of Knudsen-type of transport. That air oxidation
improves the Ar transport, in our view, means that it removes
impurities from the mesoporous region through which Ar trans-
port takes place. That He and H, permeances also increase may
mean that the same impurities also occupy the pore mouths of the
microporous regions. This is based on the fact that oxygen, with
a kinetic diameter of 3.46 A, close to that of CH4 (3.8 A) and Ar
(3.4 A), is unlikely to be able to have access to the microporous
regions through which He and H, transport; however, no other
direct experimental evidence exists to support this conjecture,
at this point and time.

It is not clear, furthermore, where the likely (CH)x impurities
come from. The AHPCS we utilize has an allyl mole fraction
of ~10% (as reported by the manufacturer), which translates
into C:Si ratio of 1.3; it is reported to result in a ceramic with
a Si:C ratio very close to 1:1 [12]. Elemental analysis (at Gal-
braith Laboratories, Inc.) of AHPCS-derived SiC powders that
we prepared using the same pyrolysis protocols with the SiC
membranes shows a C:Si ratio of 1.2. The air oxidation does
very little to change this ratio (in fact, after oxidation the ratio
slightly increases to 1.25, but the small increase in the carbon
content after oxidation is within the experimental error of the
measurement technique). This indicates that air oxidation does
not result in bulk oxidation of the material, and that any oxygen
incorporation must be limited to the surface region. The elemen-
tal analysis also indicates that very little Al or Li is present in the
SiC ceramic, a concern since LiAlHy is used as a catalyst during
the preparation of AHPCS. Despite the fact that the air treatment
decreases the separation factor, it is considered essential in order
to prevent any further changes in membrane performance in case
it is exposed accidentally to trace amounts of oxygen during its
chemical reactor application.

3.3. Steam stability of the membranes

To test their hydrothermal stability, the membranes were
exposed to an equimolar mixture of steam and He at 310kPa
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(45 psi) for a number of days at 200 °C (due to the limitations
of our experimental system, this is the highest temperature we
could expose the membranes to during the hydrothermal test;
this temperature is of relevance, however, to the potential future
use of such membranes for the water—gas shift reaction). The
permeances of He and Ar were measured at the beginning of
the experiment, shown as day O in Figs. 5 and 6. Subsequently,
the membrane was exposed to the He/steam mixture, and the
flow rate of He to the permeate side, after condensing the water,
was measured on line, see Fig. 7 (the first point in Fig. 7 was
measured 2 h after exposure to steam). After 48 h from the point
when the membrane was first exposed to steam, the steam flow
was turned off. Subsequently, the membrane was exposedto 12 h
of He flow under the same pressure and temperature conditions;
at the end of this period the He permeance was measured (the
second point in Fig. 5). Its value had decreased by 23% from the
value measured prior to the exposure to steam. The gas was then
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Fig. 7. He flow rate of permeate gas at 200 °C.
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Fig. 8. Ideal selectivity of He/Ar at a transmembrane pressure of 207 kPa (30 psi)
at 200°C.

switched to Ar for an additional 12 h, and at the end of the period
the Ar permeance was measured. Then, the He/steam flow was
turned on for an additional 48 h, while monitoring on line the
dry He flow. Then, the steam was again turned off, and the cycle
was repeated, with the entire experiment lasting 21 days, out of
which the membrane was exposed to steam for a period of 14
days. It is clear from Figs. 5-7 that exposure to steam has an
impact on He permeance. However, the effect saturates out after
a period of a few days. The effect, furthermore, is indicative
of structural changes rather than reflecting water condensation
in the microporous structure, as indicated by measuring the He
permeance (Fig. 5) after the membrane had dried out for a period
of 12h.

The Ar permeance, on the other hand, remains totally
unaffected; indicating that whatever effect steam has on the
membrane is limited only to the surface region, rather than
resulting in bulk transformations of the SiC material. The mem-
brane, after 21 days of exposure, still remains microporous as
shown in Fig. 8, which shows the ideal He/Ar separation factor.
It is not clear what caused the original decline in He perme-
ation. Since the membrane used in the experiments described
in Figs. 5-8 had been exposed to the high-temperature air treat-
ment, previously described, it may contain some surface oxygen.
Si—O groups are known to be sensitive to the presence of steam
[31,32]. Prior research on SiC ceramics indicated that exposure
to water-containing air or steam at high-temperatures enhanced
the oxidation rates for both crystalline [33,34] and amorphous
[35] SiC. These studies were, however, performed at much
higher temperatures, and it is not clear whether they relate to any
phenomena observed in this study. That He permeation stabi-
lized after a few days on stream is significant for the use of these
materials in reactive applications. Results from these studies will
be presented in future publications.

4. Conclusions

A new membrane preparation procedure was developed
which involves coating, first, the membrane supports by a thin
layer using slip-casting, prior to dip-coating additional lay-
ers. The resulting membranes exhibited enhanced performance,
when compared to membranes prepared using the same supports
without slip-casting a top surface layer. The reproducibility in

preparing high quality membranes also improved significantly.
The membranes reported here are microporous and have good
hydrothermal stability, in contrast to membranes prepared pre-
viously using the same pre-ceramic polymer. The enhanced
hydrothermal stability may be attributed to a different heat-
treatment protocol used for AHPCS pyrolysis that leads to better
cross-linked SiC membrane.

Small size molecules like H, and He permeate through these
membranes by activated transport, while Ar and molecules
with larger kinetic diameters permeate by Knudsen diffusion.
As a result, the separation characteristics of these membranes
improve with temperature. Efforts are currently under way to
increase the membranes’ permeability and investigate their use
in reactive applications. The results will be presented in future
publications.
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Abstract

The results of extensive nonequilibrium molecular dynamics (MD) simulations of flow and transport of several binary mixtures of CO;
and an n-alkane chain, from CHy4 to C4Hj(, through a model porous membrane composed of three pores in series with significantly different
sizes and in the presence of an external pressure gradient, are reported. The technique that we use for the simulations is a combination of the
configurational-bias Monte Carlo method (used for efficient generation of molecular models of n-alkane chains) and the dual control-volume
grand-canonical MD method. The selectivity of the membrane changes qualitatively as the length of the alkane chain increases, resulting in
high separation factors in favor of the alkanes. Moreover, we find that, under supercritical conditions, unusual phenomena occur that give rise
to direction- and pressure-dependent permeabilities for the fluids. The results, which are also in agreement with a continuum formulation of the
problem, indicate that the composite nature of the membrane gives rise to the direction-dependent permeabilities. Hence, modeling flow and
transport of supercritical fluid mixtures in porous materials with the type of morphology considered in this paper (such as supported porous
membranes) would require using effective permeabilities that depend on both the external pressure drop and the direction along which it is

applied to the materials.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Molecular dynamics; Transport; Separation; Membranes

1. Introduction

Properties and potential use of supercritical fluids—those
that are in a thermodynamic state above their critical tempera-
ture and /or pressure—have recently attracted much attention.
In particular, supercritical fluid extraction (SCFE) utilizing CO»
has been extensively studied in recent years (for reviews see,
for example, Sengers and Sengers, 1986; Kiran and Sengers,
1994), due to its potential utility for the removal of contami-
nants from water, sludges, soils, spent catalysts, aerogels, and
such adsorbents as activated granular carbon. Though other
compounds might be better solvents under SC conditions (es-
pecially for low-volatility solutes), CO; is preferred in environ-
mental applications because it is nontoxic and nonflammable.

A combination of a SC fluid with a porous membrane
offers perhaps the most promising SCFE method, as it can
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continuously and preferentially extract the solute, leaving be-
hind a solute-depleted, recyclable SC solvent stream. Such a
separation unit offers significant reductions in the cost of the
energy intensive compression/recompression cycle typically as-
sociated with the SCFE. Several groups have studied the use
of various membranes with SC fluids (see, for example, Muller
et al.,, 1989; Kelley and Chimowitz, 1990; Semenova et al.
1992a,b; Ohya et al., 1993; Nakamura et al., 1994; Afrane
and Chimowitz, 1996; Fujii et al., 1996; Sarrade et al., 1996;
Tokunaga et al., 1997). Their work indicates that transport of
SC fluid mixtures through a membrane gives rise to many com-
plex phenomena, some of which have not yet been understood
well. For example, the permeability isotherms exhibited hys-
teresis at some temperatures, but not at others. They also attain
a maximum as a function of the temperature and pressure. Due
to the interactions between the highly nonideal, compressible
SC mixtures and the complex pore space of a nanoporous mem-
brane, there is currently not much fundamental knowledge on
the transport of SC mixtures in membranes.
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The goal of this paper is developing a better fundamental
understanding of the phenomena that are involved in the trans-
port of COy/hydrocarbon mixtures, under SC conditions, in a
nanoporous membrane. Since molecular interactions between
the fluids’ molecules, and between them and the pores’ walls,
cannot be ignored, one must resort to atomistic models. In a
previous paper (Firouzi et al., 2003) we studied the CO,—CHy4
mixtures in a single nanopore, using MD simulations. In prac-
tice, however, most membranes consist of a porous support
made of at least two layers of macro- and mesopores, and a
nanoporous film deposited on the support. Flow and transport
of fluids in such composite porous materials have rarely been
studied using atomistic simulations. Thus, another goal of our
study is to understand transport and separation of mixtures of
COy/alkane chains in a membrane under SC conditions. In this
paper we present the results of MD simulation of transport of
binary mixtures of CO, and CHy4, C2Hg, C3Hg, and C4Hjg un-
der such conditions. To our knowledge, such a study has never
been carried out before.

Due to their stability and versatility, carbon molecular-sieve
(CMS) membranes have been used by many groups (Koresh
and Sofer, 1983; Rao and Sircar, 1993, 1996; Jones and
Koros, 1994, 1995, 1996; Chen and Yang, 1994; Linkov et al.,
1994; Afrane and Chimowitz, 1996; Sircar et al., 1996;
Shusen et al., 1996; Acharya et al., 1997; Petersen et al., 1997;
Steriotis et al., 1997; Shiflett and Foley, 1999), as well as
our own group (Sedigh et al., 1998, 1999, 2000), in studies
of separation of subcritical fluid mixtures. Such membranes
are prepared with well-controlled porosity and a narrow pore
size distribution. The emphasis in our study is on identifying
the factors that control the ability of the CMS membranes for
separation of SC mixtures.

The rest of this paper is organized as follows. In the next
section we describe the details of the model of the membrane
that we use. Section 3 describes the molecular models that we
utilize for the various components, while Section 4 presents
the details of how the alkane chains are grown and inserted in
the ore system. Details of the MD simulations are described in
Section 5. The results are presented and discussed in Section 6.
The paper is summarized in the last section.

2. Atomistic model of a supported membrane

As pointed out by, for example, Seaton et al. (1997), to
accurately model a CMS membrane, one must take into ac-
count its interconnected pore structure. In previous papers
(Ghassemzadeh et al., 2000; Xu et al., 2000b, 2001) we carried
out MD studies of transport, adsorption, and separation of sim-
ple mixtures under subcritical conditions, in three-dimensional
(3D) atomistic pore network models of CMS membranes.
However, as explained below, carrying out the same type of
computations for the mixtures of interest in the present paper
under supercritical conditions is extremely difficult, especially
since we intend to study mixtures that involve relatively long
alkane chains. At the same time, MD simulations by Diiren
et al. (2002, 2003) indicated that transport of fluids in a tight
pore is hardly influenced by its shape, so long as the correct

average radius, transport length and the applied pressure or
chemical potential gradient are used. Therefore, as an interme-
diate step between a single pore and a 3D pore network model
of a CMS membrane, we study transport and separation of SC
fluid mixtures in the composite pore model shown in Fig. 7
below. A somewhat similar pore model was utilized by Diiren
et al. (2002, 2003) in their study of gas transport through a
membrane under subcritical conditions.

In the model, each pore represents one layer of a three-layer
supported membrane. They all have the same length, with their
heights being 77, 23, and 10 A. The membrane is connected to
two control volumes (CVs) that are exposed to bulk fluids at
high and low chemical potentials p or pressures P, with their
gradient being in the x direction (parallel to the lines of this
page). Periodic boundary conditions are used in the y direction
(perpendicular to this page) in the pores, and in the y and z
directions in the two CVs.

3. Molecular models of the fluids

We represent CO;, and CHy, as well as the C that the pores’
walls are made of, by Lennard—Jones (LJ) spheres, charac-
terized by effective LJ size and energy parameters, o and ¢,
listed in Table 1. In our previous studies of transport of mix-
tures through nanopores, we also used a model of CO; that
consisted of three LJ interaction sites on the three atoms, plus
point charges to account for the quadrupole moment of CO,
molecules, but found no significant effect on the results.

The CyHg, C3Hg, and C4Hj9p molecules are grown by a
configurational-bias Monte Carlo (MC) method, described in
the next section. They are represented by a united-atom (UA)
model (Ryckaert and Bellemans, 1978), which considers the
CH; and CH3 groups as single interaction centers with their
own effective potentials. The nonbonded interactions between

Table 1
Values of the molecular parameters used in the simulations

Parameter Numerical value
ocu, (A) 3.905
ocus (A) 3.905
ocu, (A) 3.810
aco, (A) 3.794
oc (A) 3.4
SCHz/kB (K) 59.38
‘SCHg/kB (K) 88.06
ecn,/ ks (K) 148.1
SCOZ/kB (K) 225.3
ec/ks (K) 28
Bond length (A) 1.53
ko (Krad™?2) 62,500
0o (degrees) 112
co (K) 1116
c1 (K) 1462
e (K) —1578
3 (K) —368
s (K) 3156
s (K) —3788

kg is the Boltzmann’s constant.
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interaction centers of different molecules are described by a cut-
and-shifted LJ potential, with the cut-off distances r. being, r.=
4och,=15.24 A for the CO,/CHy4 mixtures, and r.=3.50cH, =
13.33 A for the other three mixtures. No tail corrections were
applied to this potential. For simplicity, the total molecular
mass of an alkane is equally divided between the C atoms and,
therefore, CH, and CH3 groups are assumed to have equal
molecular masses. Table 1 lists the size and energy parameters
of the CH; and CH3 groups.

The atoms and the UA centers are connected by harmonic
potentials. The distance between the atoms was fixed at 1.53 A.
The intramolecular interactions consist of the contributions by
bond-bending (BB) and torsional forces. The BB term was
represented by the van der Ploeg—Berendsen potential (van der
Ploeg and Berendsen, 1982):

Ugg(0) = Lko(0 — 00)%, (1

where 0 is the angle between the atomic bonds. The
Ryckaert—-Bellemans potential (Ryckaert and Bellemans, 1975)
was used to represent the torsional potential:

5
Uior() = Y _ cx cos*(¢), )

k=0

where ¢ is the dihedral angle. Numerical values of the potential
parameters for all the components are also listed in Table 1.
We used the LJ potential for the interactions between
the molecules and the individual carbon atoms on the
walls, arranged as in graphite. The cut-off distance be-
tween the molecules and the carbon atoms on the walls was
re = 3.50cH, = 13.33 A. For the cross-term LJ parameters
the Lorentz—Berthelot combining rules were used, namely,

1
&ij = \/8,'_8J', and gij = 7(0‘,’ +0j).

4. Configurational-bias and grand-canonical Monte Carlo
methods

The configurational-bias Monte Carlo (CBMC) technique
(Harris and Rice, 1988; Mooij et al., 1992; Laso et al., 1992;
Siepmann and Frenkel, 1992; de Pablo et al., 1992; Frenkel
et al., 1992; Smit et al., 1995; Macedonia and Maginn, 1999)
was used to grow the alkane chains. In this method one con-
siders the potential energy of an atom as the sum of the
internal energy 1™ which includes parts of the intramolecular
interactions, and the external energy u®*' which contains the
intermolecular interactions, as well as those intramolecular
interactions that are not part of the internal energy. The pro-
cedure to grow an n-alkane chain atom by atom is as follows
(Smit et al., 1995).

(1) The first atom is inserted at a random position and the en-
ergy ui(n) and the quantity, w; =exp[—fu(n)], are com-
puted, where = (kg T)_l, with kp being the Boltzmann’s
constant, 7" the temperature, and n denoting the new state
in which the system is in.

(2) To insert the next atom, k trial orientations (typically five),
denoted by {bx} = by, by, ..., bi, are generated with a

int

probability p;" (b;), given by

. 1 .
ptby) = Pl exp[—pu;™ (by)], 3)

where C is a normalization factor. For each trial, the exter-
nal energy ule’“ (b;) is also computed, along with, w;(n) =
lezl exp[—pu;* (b;)]. One orientation, out of the k tri-
als, is then selected with the probability

Pt = exp[—fu;™ (b;)]. “4)

wi(n)
This step is repeated M — 1 times until the entire alkane
molecule is grown, and the Rosenbluth factor (Rosenbluth
and Rosenbluth, 1955), W(n) = ]_[lnil wy(n), is computed.
A molecular conformation is generated with the probabil-

ity,
M .

P =[] p™m)pi™ )
=2

= WG exp[—pU (n)], &)

. M M i
with U =372 up = >0, )™ + uf™).

Next, the alkane chains are inserted into the two CVs in or-
der to generate the necessary pressure or chemical potentials
in them, by combining the CBMC method with the grand-
canonical Monte Carlo (GCMC) method. The method con-
sists of, (i) generating the chain configurations by the CBMC
method, and (ii) computing the Rosenbluth weight W as the
alkane is generated, and utilizing it in the acceptance rule of
the GCMC method for inserting the chains into the CVs. The
probability that a single chain is added to a CV of N; chains is
given by (Macedonia and Maginn, 1999),

ot =min | 1, SPORIV o1 6)
A} (Ni + 1)

where ; is the chemical potential of chain 7, V is the volume

of the CV, and 4; is the thermal de Broglie wavelength of

component i.

To delete a molecule from the CVs, the Rosenbluth weight is
evaluated by pretending that the alkane chain is grown into its
current position. Thus, one computes, wy(0) = exp[—fu;(0)],
wy(0)=Y"5_ exp[—PBus* ()1, and W (0)=[T}L, wi(0), using
k — 1 trial orientations, together with the actual current position
of the atom [, which form the set {b;{}, where o indicates the
molecules’ old state. The probability of deleting a chain from
a CV is then given by

ol NiA? 1
=min|l, —+— .
b exp(Bi)V W(o)

)

To insert CO, in the two CVs, the probabilities p™ and p~ are
computed according to the standard GCMC method, namely,
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the Rosenbluth factor W is replaced by exp(—fAU), where
AU is the potential energy change of the system as a result of
adding a molecule to, or removing one from, the CVs.

5. Molecular dynamics simulation

We use the dual control-volume GCMD technique (DCV-
GCMD) (Heffelfinger and van Swol, 1994; MacElroy, 1994),
which has been used extensively in the past several years by
several research groups (Nitta et al., 1993; Cracknell et al.,
1995; Furukawa et al., 1996, 1997; Furukawa and Nitta, 1997;
Nicholson et al., 1996; Pohl et al., 1996; Heffelfinger and
Ford, 1998; Ford and Heffelfinger, 1998; Pohl and Heffelfin-
ger, 1999), as well as our own group (Xu et al., 1998, 1999,
2000a,b; Firouzi et al., 2003, 2004, 2006). Previously, molec-
ular simulations were used for studying SC fluids in the bulk
(Shing and Chung, 1987; Nouacer and Shing, 1989; Cum-
mings et al., 1991; Chung and Shing, 1992; Eckert et al., 1996;
Martinez et al., 1996; Yoshii and Okazaki, 1997; for a review
see Chialvo and Cummings, 1999), very few such studies were
devoted to investigating the behavior of SC fluids in small pores
(Nicholson, 1998). They were mostly based on the MC method
(Nitta and Yoneya, 1995; Shigeta et al., 1996).

The Verlet velocity algorithm was used to integrate the (di-
mensionless) equations of motion with a (dimensionless) time
step, At=5x 1073, with up to 1.2 x 107 time steps to ensure that
the system reached the steady state. Such long computations
are essential for simulating the behavior of SC fluids in tight
pores, and indicate the difficulty that one encounters in study-
ing the same mixtures in a fully 3D pore network. Molecules
that crossed the outer boundaries of the CVs (typically about
1% of the total number of molecules that were deleted during
the GCMC simulations) were removed. The overall streaming
velocity (the ratio of the component’s flux and concentration)
was zero in the two CVs, but not in the pores.

Iso-kinetic conditions were maintained by rescaling the ve-
locity independently in all the three directions. To maintain
the densities of each component in the two CVs at some fixed
values, they, or the corresponding chemical potentials of each
component in the two CVs, were maintained by carrying out
a sufficient number of GCMC insertions and deletions of the
molecule, with the probabilities of inserting and deleting a
molecule of component i given by Egs. (6) and (7) (or their
modified form, as described above, for the cases of CO; and
CH,), respectively. Typically, 50 GCMC insertions and dele-
tions in each CV were followed by 5 MD integration steps.
The chemical potentials were converted to equivalent pressures
using a LJ equation of state (Johnson et al., 1993).

The density profile p7(x) of component i along the x-
direction, the direction along which the chemical potential
gradient Vpu is imposed on the membrane, and p7(z), the
density profile in the yz planes that are perpendicular to the
direction of Vyu are computed. p;(x) was computed by di-
viding the simulation box in that direction into grids of size,
¢ =1.120cH,, and averaging for each MD step the number of
molecules of type i over the distance £. A similar procedure
was used for computing p; (z) in the yz planes, with the aver-

aging done over small distances which were about 0.67ocy,,
0.21ocp,, and 0.090cy, for the largest pore, the middle pore,
and the smallest one, respectively. For each component i we
also calculate its flux J; in the direction of the applied V. The
permeability K; of component i is then given by Darcy’s law,

J;

T AP /L ®

i

where AP; = x;AP is the partial pressure drop for species i
along the pore system, with x; being its mole fraction, AP the
total pressure drop imposed on the system, and L the system’s
length. We computed the permeabilities for two cases. In one,
the upstream condition (higher pressure) was maintained in the
CV connected to the largest pore, while in the second case
the upstream condition was maintained in the smallest pore.
Finally, the dynamic separation factor S is defined by
So1 = 2 9
=% )
where K| and K» are, respectively, the permeabilities of the
components such that K> > K, so that, S>1 > 1.

6. Results and discussions

We first describe the results for pure CO», and then present
and discuss those for binary mixtures of CO; and the n-alkanes.

6.1. Pure COy

Fig. 1 presents the CO; permeability K at 7=50 °C as a func-
tion of the upstream pressure, if a pressure drop A P =3447 KPa
(500 psi) is applied to the membrane. The direction-dependence
of K is strong, with the permeabilities in the two opposite di-
rections differing by a factor as large as four. Moreover, the
trends for the two cases are opposite of one another. Whereas K
decreases when the upstream is on the side of the largest pore,
it increases when the direction of AP is reversed. The reason
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Permeability
(gmole.cm/min. KPa. cm?) x 107
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Fig. 1. The permeability of pure CO, at T =50°C, when a pressure drop
AP = 3447 KPa (500 psi) is applied to the pore system.
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is that, at a constant overall AP, with increasing the upstream
pressure on the largest pore side, practically the entire mem-
brane is packed with CO, molecules. This makes their passage
from the largest pore to the middle one very difficult, result-
ing in reduced values of K. But, at the same overall AP, in-
creasing the upstream pressure, when applied on the side of
the smallest pore (representing the membrane layer), moves the
transition point between a gas-like and liquid-like state to in-
side the largest pore, which allows easier passage of CO, from
the middle pore to the largest one, hence increasing K in that
direction.

6.2. CO,—CHy4 mixtures

Fig. 2 presents the permeabilities of the two components in
two different mixtures, in which the CO, mole fraction xco, is
0.5 and 0.9. The pressure drop is, AP =4825 KPa (700 psi), and
the permeabilities were computed when AP was applied in the
two opposite directions, and the upstream pressure was varied.
The same qualitative patterns are obtained when other values of
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Fig. 2. The dependence of the permeabilities of CO, (circles) and CHy (tri-
angles) at 7 = 35°C on the upstream pressure, when a pressure drop of
4825 KPa (700 psi) is applied in the two opposite directions. The top and
bottom panels show, respectively, the results for xco, = 0.5 and 0.9. Con-
tinuous and dashed curves show, respectively, the results when the upstream
pressure is maintained at the entrance to the largest pore and smallest pore.
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Fig. 3. The separation factors, S = Kco,/Kcp,. with, xco, =0.9. The rest
of the conditions are the same as those of Fig. 2.

pressure drops are applied, and the upstream and downstream
conditions are such that one crosses from a subcritical region to
a supercritical one (the critical pressure of CO, is 7383 KPa, or
72.86 atm). In addition to the pressure-dependence of K and
K> being in qualitative agreement with the experimental data
(Ohya et al., 1993; Sarrade et al., 1996; Tokunaga et al., 1997),
another noteworthy feature of Fig. 2 is that the permeabilities
differ significantly, with K,—that of CO,—being larger. The
reason is the affinity of CO; for carbon surfaces. Hence, unlike
CHyq, there is significant flow of CO» on or near the walls. This
is particularly important, as the smallest pore and the middle
one are packed with molecules and, therefore, their motion in
the bulk of the pores is exceedingly slow. Hence, surface flow
becomes important.

Since, as far as practical applications are concerned, the sep-
aration factors are a quantitative measure of the performance
of a membrane, we show in Fig. 3 the separation factors for the
case in which, xco, =0.9, at T =35°C. Clearly, the direction-
dependence of the permeabilities creates an asymmetric mem-
brane, such that the separation factors are roughly 50% higher
when the smallest pore (the membrane layer) is at the upstream
condition.

6.3. CO—CyHg mixtures

Fig. 4 presents the pressure-dependence of the permeabilities
for a CO,/CyHg mixture at 7 = 35°C in which, xco, = 0.9.
Unlike the CO, /CH4 mixtures, the permeabilities seem to have
simple functional dependence on the pressure. When the up-
stream condition is imposed on the CV connected to the small-
est pore, the permeabilities are very small. This is caused by
relatively large size of C;Hg molecules and the pore’s small
size, and the fact that, unlike CH4 which is represented by a
LJ sphere, they possess chain-like structure. The correspond-
ing dynamic separation factors are shown in Fig. 5. It indicates
that there is an optimal upstream pressure for the separation
of the two components at which the separation factor S is
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Fig. 4. Dependence of the permeabilities of CO, (circles) and CoHg (triangles)
at 7 =35°C on the upstream pressure, when a pressure drop of 4825 KPa
is applied in the two opposite directions, and xco, = 0.9. Continuous and
dashed curves show, respectively, the results when the upstream pressure is
maintained at the entrance to the largest pore and smallest pore.
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Fig. 5. The separation factors that correspond to the permeabilities shown in
Fig. 4.

maximum. The physical reason for this important result may
be as follows.

The overall pressure drop is fixed at A P=4825 KPa (700 psi),
and the upstream pressure is varied in such a way that it is al-
ways above the critical pressures of both CO, and C,Hg. But,
the downstream pressure P, varies over a range of values that
includes both the supercritical and subcritical conditions for
CyHg. At the lowest upstream pressure, P, is below the critical
pressure of CoHg which is about 4872 KPa (48.08 atm). Since
the CO, mole fraction is much larger than that of CoHg and
it is in a liquid-like state (condensation), convective transport
helps carrying it in the pores in amounts that are much larger
than C>Hg, as a result of which the separation of the two flu-
ids improves and, hence, the separation factor increases. The
maximum separation factor corresponds to a downstream pres-

sure (about 4900 KPa) which is just about the critical pressure
of C,Hg. Beyond this point, the upstream pressure is above the
critical pressures of both components, while the downstream
pressure is above the critical pressure of C,Hg. These condi-
tions create liquid-like states of the two components and, there-
fore, the separation factor decreases. This phenomenon will not
be as effective in larger pores, where there is less condensa-
tion. The existence of an optimal pressure drop for which the
separation of the two components is most efficient has very im-
portant consequences for practical applications involving SCFE
with CO».

6.4. CO,—C3Hg mixtures

As the alkane chains become longer, the behavior of their
mixtures with CO, also becomes more complex. When the
upstream and downstream pressures are high enough, the state
of COy in the smallest pore and the middle one is liquid-like
(condensation). The state of CO; in the largest pore, on the other
hand, depends on where the upstream condition is maintained.
If the upstream condition is maintained in the CV connected
to largest pore itself, then the CO, density in that pore is high
everywhere, resembling a liquid-like state. If, on the other hand,
the upstream condition is maintained in the CV connected to
the smallest pore, the CO; density in the largest pore near its
entrance to the middle pore is high, but decreases somewhat as
one gets away from this region towards the CV on the left side

0.4

4926 KPa

0.3 1

Density

Density

Fig. 6. Time-averaged density profiles pf (x) of CO; (solid curves) and C3Hg
(dashed curves) in a mixture with, XCo, = 0.9, at T =35°C. Dashed vertical
lines indicate the boundaries of the pore system.
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Fig. 7. Time-averaged density profiles pf (z) of COy (solid curves) and C3Hg (dashed curves) at T = 35°C, when the upstream condition is maintained in

the control volume connected to the largest pore, in a mixture with xco, =0.9.

of the system. Similar statements may be made for C3Hg. Under
such conditions, maintaining a constant temperature throughout
the pore system is both important and difficult.

To understand better the distributions of the two components
in the pores, we present in Fig. 6 their time-averaged density
profiles p7(x) (averaged in the yz planes) at T = 35°C with
xco, = 0.9, for the two upstream conditions, computed by av-
eraging the results over the last 200,000 time steps of the sim-
ulations. The dashed lines indicate the boundaries of the pore
region with the two CVs. The densities in the two bulk regions
are essentially constant, as they should be. The numerical val-
ues of the densities in the two CVs match those obtained by
the GCMC method at the same conditions, indicating that the

chemical potentials in the two CVs have been properly main-
tained during the MD simulations. The small downward curva-
ture at (dimensionless) X™ = 433.5 is due to the “leakage” of
the molecules out of the two CVs, which are those that, as de-
scribed in Section 5, cross the outer boundaries of the CVs and
leave the system. However, such deviations from a flat profile
are insignificant. Note that, due to the large pressure drop ap-
plied to the pore system, the density profiles are not linear, as
the total flux is the sum of the diffusive and convective parts.
As one moves from the left to right, the densities, regardless
of the direction of the applied AP (the upstream condition),
increase since the pores’ sizes decrease. A closer inspection of
the densities in the pores indicates that, for the applied AP,
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Fig. 8. Same as in Fig. 7, but when the upstream condition is maintained in the control volume connected to the smallest pore.

one has a gas-like (low density) mixture in the largest pore
when the upstream condition is imposed on the smallest pore,
followed by a transition to a liquid-like mixture (condensation)
which packs completely the two smallest pores at high densities.
The position of the transition line from the gas-like to liquid-
like mixture depends on the pores’ sizes and the direction and
magnitude of AP.

We present in Figs. 7 and 8 the time-averaged densities p? (z)
for the two components in six different planes that are per-
pendicular to the direction of the applied AP (the coordinates’
center is on the centerline that passes through the three pores).
Fig. 7 shows the density profiles when the upstream condition
is maintained in the CV which is connected to the largest pore.
The SC fluid mixture forms several liquid-like layers, packing

the pore almost completely. In plane 1 near the pore mouth
connected to the CV, two layers of each component have been
formed. One, with high densities, is near the walls, while the
second one with lower densities is closer to the center. In the
opposite plane (denoted by 2 in Fig. 7) near the largest pore’s
mouth that connects it to the middle pore, the density pro-
files look chaotic and several layers of the two components
have formed. This is an entrance effect whereby, due to the
size of the middle pore being much smaller than that of the
largest pore and the relative large size of C3Hg, a large num-
ber of molecules accumulates at the entrance between the two
pores. But, if we inspect the density profiles just inside the mid-
dle pore (denoted by 3 in the figure), we find again that two
layers of each component have been formed. The molecules’



M. Firouzi et al. / Chemical Engineering Science 62 (2007) 27772789 2785

o
o

|

Permeability
o

(gmole.cm/min. KPa. cm?) x 107

o
[$)]
1
D(
]

Ao N
0.0 A e e
8000 9000 10000 11000 12000

Upstream pressure (KPa)

Fig. 9. Dependence of the permeabilities of CO, (circles) and C3Hg (triangles)
on the upstream pressure, in a mixture at 7 = 35°C with xco, = 0.9.
The applied pressure drop is 4825 KPa (700 psi). Continuous and dashed
curves represent the results for, respectively, when the upstream condition is
maintained at the entrance to the largest pore and smallest pore.

distributions in the region where the two smallest pores are
connected (denoted by 4 in the figure) are qualitatively similar
to those in plane 2, and are again dominated by the entrance
effects. The size of the smallest pore and the relatively large
size of C3Hg allow only monolayer formation. As a result, one
obtains the density profiles shown in Fig. 7 for the planes 5
and 6. The same qualitative patterns are obtained when the up-
stream condition is held in the CV connected to the smallest
pore (see Fig. 8).

These features should be compared with those encountered
with subcritical gases in small pores that form only two ad-
sorbed layers near a pore’s walls, leaving its middle region
sparsely populated. Multilayer formation persists in the entire
pore system so long as the downstream pressure is high enough
for the mixture to exit the system under, or close to, supercrit-
ical conditions. If, however, the downstream pressure is low,
then multilayer formation occurs only near the upstream region
of the pore. As the molecules approach the downstream region,
only two layers, one near each wall, survive, hence signaling a
phase transition from a liquid-like state to a gaseous one.

Fig. 9 presents the permeabilities of the two components
under the two upstream conditions at 7 = 35 °C, with xco, =
0.9. The applied pressure drop is, AP = 4825 Kpa (700 psi). A
comparison of these results with those shown in Figs. 2 and 4
for, respectively, CO, /CHy4 and CO,/C>Hg mixtures, indicates
qualitative changes, or a type of transition, as the n-alkane
becomes larger: the permeability of CO; is distinctly larger
than that of CHy in their binary mixtures; the permeabilities are
roughly equal for CO, /C,Hg mixtures, whereas Fig. 9 indicates
that the permeability of C3Hg is larger than CO;. As a result,
the separation process turns in favor of C3Hg. The fact that the
strength of adsorption of alkanes on the carbon walls increases
with increasing molecular weight (or their chain’s length) also
contributes to the improved separation. This is shown in Fig. 10
.These are all new results, at least so far as MD simulations of
CO;,—n-alkane mixtures under SC conditions are concerned.
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Fig. 10. The separation factors for the CO,/C3zHg mixture that correspond
to Fig. 9.
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Fig. 11. Time-averaged density profiles in the transport direction x in the
pore system for a mixture of COy (continuous curves) and C4Ho (dashed
curves) with, XCo, = 0.9, at T = 35°C. Dashed vertical lines indicate the
boundaries of the pore region.

6.5. CO—C4Hy¢ mixtures

Fig. 11 presents the density profiles p(x) for the two com-
ponents and under the two upstream conditions, at 7 = 35 °C,
with xco, = 0.9. Note that the critical pressure of C4Hjq is
about 3796 KPa (37.46 atm). Due to its large size and the sizes
of the two smallest pores, the density of C4H1¢ in the two pores
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Fig. 13. The separation factors of the CO,/C4H|o mixture that corresponds
to the permeabilities shown in Fig. 12.

is larger than that of CO,, when the upstream conditions are
maintained at the CV which is connected to the smallest pore.
This is unlike the binary mixtures of CO, with the lighter n-
alkanes. The same is more or less true about the case when
the upstream conditions are imposed on the CV connected to
the largest pore, except that the difference between the two
densities is smaller. Qualitatively, the two components’ den-
sity profiles p} (z) are similar to those shown in Fig. 7 for the
CO,/C3Hg mixture.

Fig. 12 shows the pressure dependence of the two compo-
nents’ permeabilities at T = 35 °C, with xco, =0.9. The pres-
sure drop is AP = 4825 KPa. Consistent with the pattern of
the permeabilities described above, the permeabilities of C4Hjg
are larger than those of CO;. As a result, as Fig. 13 indicates,
the separation process turns in favor of C4Hjo, with separation

factors that are as large as 25. In addition, with increasing up-
stream pressure, the separation factors also increase. In prac-
tice, one cannot, of course, increase the upstream pressure to
very large values, since it can damage the membrane.

6.6. Continuum basis for the direction-dependence of the
permeabilities

Although the MD simulations provided convincing molecular
based evidence for the direction-dependence of the permeabil-
ities for all the components, one might be tempted to attribute
it to the small thickness of the membrane, and the resulting
large pressure gradient applied to it. However, in addition to
the fact that our own preliminary experimental data with real
CMS membranes also agree with this result, the direction de-
pendence may also be explained based on a simple continuum
model, independent of the thickness of the membrane used in
the simulations. As is well known, transport of molecules in
a macropore (to which a pressure drop has been applied) is
dominated by convection, which gives rise to a permeability
independent of the direction of the applied pressure gradient.
In a mesopore, transport of molecules is by a combination of
convection and Knudsen diffusion (Mason and Malinauskas,
1983; Sahimi, 1993, 1995), if the loading is not high (i.e.,
if the fluid—fluid interactions are not strong), whereas, due
to its small size and condensation phenomenon, transport
through a nanopore occurs mostly through surface flow (if
the fluid—surface interactions are favorable and strong). While
condensation plays a role in the direction-dependence of the
permeabilities, the most important factor that contributes to
this dependence is the composite nature of the membrane.

To show this, we make an analogy between the resistances
that the three pores in series offer against transport and that of
electrical resistors. Then, the effective permeability K, of the
model membrane is given by

3 —1

Ke=1 Z(’Z—) , (10)

i=1

where K; and L; are, respectively, the permeance and length
of pore i. It is now not difficult to show that it is the nonlin-
ear dependence of K, on K; which is mostly responsible for
its direction-dependence. This is true even if one has a gaseous
mixture in the membrane (under subcritical conditions), as op-
posed to liquid-like mixtures (condensation) that we deal with
in our pore system. To show this, we proceed as follows.
Consider, first, transport of a gas in a single pore and assume
that the gas is transported by a combination of convection and
Knudsen diffusion. Hence, its flux is given by (Mason and
Malinauskas, 1983; Uchytil et al., 2000; Thomas et al., 2001),

s (8P, g pdP an
- Fix T

where Dk is the Knudsen diffusivity of the gas. Here, K, is a
permeability coefficient defined for gases (if we were to use the
Darcy’s law, K, P would be what is usually referred to as the
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permeability). K, is independent of the pressure. Assuming, as
usual, that Dy is also independent of the pressure, then, since
the flux J is constant at steady state, Eq. (11) can be easily
integrated to yield

J=—L7'[Dp(P, — P1) + 1K, (P} — PD)), (12)

where Py and P, are the applied pressure at the pore’s ends,
and L is its length. According to Eq. (12), the magnitude of the
effective permeability K., given by

Ke =Dy + 3K, (P1 + P) (13)

is independent of the direction of the applied pressure drop,
AP = P, — Py, because the interchanges, P — P> and P, —
Py would not alter Eq. (13). This also implies that the mag-
nitude of J is direction-independent. Note that, even if we re-
place the convective term of Eq. (11) by K dP/dx, which is
the appropriate form for liquids and liquid-like mixtures (such
as those under supercritical conditions), the conclusion that in
a single pore K, does not depend on the direction of AP will
remain true, but with, K, = Dy + %K .

Consider two pores that are in series, and suppose that the
pressure at the interface between them is P; (the following anal-
ysis was first advanced by Thomas et al., 2001). For simplicity,
we assume that in one pore, say pore 1, convection is the dom-
inant mechanism of transport (as in a macropore), while both
convection and Knudsen diffusion contribute to the transport
process in pore 2 (as in a mesopore). Hence, using Eq. (12),
we write down the following expressions for the fluxes J; and
J> in the two pores:

Ji=-3L7 KV (PF— PP, (14)
b=-Ly'[DP (P, — P) + L K (PF — PP)). (15)

At steady state, J; = J», which yields a second-order algebraic
equation, aPl.2 +bP; + c=0, for the pressure P;, in which the
parameters a, b, and ¢ are given by

a= % [ocKl(,l) + Kl(,z)],
b=,
c=—[Lak VP2 + LKP P} + D Py, (16)

where oo = Ly/L1. According to Egs. (16), the magnitude of
the flux, J = J; = J,, depends on the direction of AP. Such
a direction dependence, which can be seen by making the in-
terchanges, P — P> and P, — Py, is in agreement with the
results of the MD simulations presented above. Clearly, the
same approach can be extended to the three-pore system that
we use in the MD simulations. Moreover, the conclusion will
not change if, for example, Knudsen diffusion is the dominant
transport mechanism in one pore, while convection contributes
the most to the transport in a second pore connected in series
to the first one.

7. Summary

The results presented in this paper indicate the significance
of the pore structure and the fluids’ thermodynamic states to

their transport through a porous material, such as a supported
membrane. In particular, the results have the following impor-
tant implications:

(1) the permeabilities of all the components depend on the
pressure;

(2) due to the composite nature of a supported membrane, the
permeabilities also depend on the direction of the applied
pressure gradient;

(3) with heavier alkanes one can obtain high separation factors
for the alkane chains, which is the intention for practical
application of SCFE using a supported membrane; and

(4) the classical modeling of transport of fluids through porous
membranes, based on a single effective permeability in-
dependent of the applied pressure gradient’s direction, is
inadequate if they have a composite structure similar to
what we use in the present paper. This is usually the case
for supported membranes.

In practice, SCFE using CO,, when utilized with heavier
hydrocarbons, such as pentane and hexane, may give rise to
additional complexities, such as freezing phenomena whereby
the mixture does not move appreciably even over long periods
of times. The results for such mixtures will be reported in a
future paper.
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Extensive molecular dynamics (MD) simulations were carried out to compute the solubilities and self-
diffusivities of CO, and CH, in amorphous polyetherimide (PEI) and mixed-matrix PEI generated by inserting
single-walled carbon nanotubes into the polymer. Atomistic models of PEI and its composites were generated
using energy minimizations, MD simulations, and the polymer-consistent force field. Two types of polymer
composite were generated by inserting (7,0) and (12,0) zigzag carbon nanotubes into the PEI structure. The
morphologies of PEI and its composites were characterized by their densities, radial distribution functions, and
the accessible free volumes, which were computed with probe molecules of different sizes. The distributions of
the cavity volumes were computed using the Voronoi tessellation method. The computed self-diffusivities of
the gases in the polymer composites are much larger than those in pure PEI. We find, however, that the increase
is not due to diffusion of the gases through the nanotubes which have smooth energy surfaces and, therefore,
provide fast transport paths. Instead, the MD simulations indicate a squeezing effect of the nanotubes on the
polymer matrix that changes the composite polymers’ free-volume distributions and makes them more sharply
peaked. The presence of nanotubes also creates several cavities with large volumes that give rise to larger
diffusivities in the polymer composites. This effect is due to the repulsive interactions between the polymer and
the nanotubes. The solubilities of the gases in the polymer composites are also larger than those in pure PEI,

hence indicating larger gas permeabilities for mixed-matrix PEI than PEI itself.

DOLI: 10.1103/PhysRevE.76.011810

I. INTRODUCTION

Nanoporous media constitute an important class of mate-
rials with a wide variety of applications. They include cata-
lysts, membranes, adsorbents, and thin flims that are used not
only in surface coating, but also as low-dielectric-constant
materials, sensors, and insulators. In particular, membranes
have been advocated for many years as a promising tool for
the separation and purification of fluids [1-3], while biologi-
cal membranes are also of immense importance to a variety
of biological activities and functions. For example, separa-
tion by membranes of oxygen from air, enrichment of meth-
ane in the gas mixtures that landfills produce, and separation
of H, and CO, from coal gasification processes have at-
tracted considerable attention. In addition, an important im-
pedement to the use of fuel cells has been the production of
hydrogen with high degree of purity, which certain nano-
porous membranes may be able to provide by separating H,
from various gas mixtures.

Among many nanoporous membranes that have been pre-
pared and advocated for various applications, carbon-
molecular-sieve membranes (CMSMs), which are prepared
by carbonization of a variety of polymeric precursors, have
recently been studied as a promising alternative to both in-
organic and polymeric membranes [4-8]. In particular, we
have been using polyetherimide (PEI)—a high-temperature,
glassy, amorphous polymer [8]—as the polymeric precursor
in the preparation of CMSMs. The average pore size of
CMSMs is typically less than 5 A, because of which the
molecular interactions between the gases that pass through
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the membranes’ nanopores are important and cannot be ig-
nored. Therefore, accurate studies of such nanoporous mate-
rials and sorption and transport of gases and liquids in them
require detailed molecular modeling [9,10]. Over the past
few years, we have been developing [11-13] atomistic mod-
els of CMSMs and of sorption and transport of low-
molecular-weight gasess in them, using molecular dynamics
(MD) simulations. Our models and studies have provided not
only estimates of the macroscopic properties of interest, such
as the effective diffusivity and solubility of various gases,
but also detailed information on the mechanisms of transport
processes in such materials. Since we have been using PEI as
a polymeric precursor for the preparation of CMSMs [7,14],
one goal of our study, in addition to being important and
interesting on its own, has been gaining better understanding
of the similarities and differences between transport and
sorption in PEI—the precursor material—and CMSMs—the
final nanoporous material made from the precursor.

Recent experiments indicated [14] that mixed-matrix
membranes, composed of polyimide and CMSMs pyrolyzed
from polyimide, exhibit much improved permeance and se-
lectivity for the separation of various gas mixtures, such as
CO,/CHy,. At the same time, recent atomistic simulations of
gases in single-walled carbon nanotubes [15,16] indicated
very high gas permeances, rates of transport, and excellent
separation properties. The purpose of the present paper is to
report the preliminary results of a study for investigating the
possibility of improving the performance of a polymeric
membrane by inserting carbon nanotubes in its matrix. Using
MD simulations, we study diffusion and solubility of CO,
and CH, in PEI and in its composites, which we generate by
inserting carbon nanotubes in PEIL Such a study is important
not only on its own, as it explores the possibility of devel-
oping better polymeric membranes and composites, but can

©2007 The American Physical Society
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also provide insight into improving the performance of
CMSMs for which PEI is a precusor. Our study has been
made possible by recent advances in computing and molecu-
lar simulation techniques that enable us to construct models
of glassy amorphous polymers, such as PEI, with accurate
interatomic potentials.

Only a relatively small number of studies has been de-
voted in the past to molecular modeling of diffusion (and
sorption) in polymers, most of which have dealt with flexible
polymeric chains composed of repeating units with a rela-
tively simple structure, such as poly(dimethylsiloxane)
(PDMS), poly(isobutylene), polyethylene (PE), and polypro-
pylene [17-23]. Moreover, very few studies have focused on
polymers that consist of stiff chains [24-26], as well as
membrane materials, such as polyelectrolytes [27,28].
Mooney and MacElroy [28] studied, for example, diffusion
of small molecules in semicrystalline aromatic polymers.
There have been only a few papers using MD simulations to
study the transport mechanism(s) in polymeric materials. For
example, Tamai et al. [17] and Fritz and Hofmann [18] uti-
lized MD simulations to study the diffusion and sorption of
methane, water, and ethanol in PDMS and PE using a united-
atom model in the bulk region, while Muller-Plathe [19] car-
ried out MD simulation of diffusion of water in poly(vinyl
alcohol), used as packaging materials. Very few studies have
focused on the transport of small molecules through glassy
polymers [28], calculating both the molecules’ solubility and
diffusivity. Generally speaking, while good qualitative agree-
ment between simulation and experimental values of the dif-
fusion coefficients and the solubilities has been obtained,
only a few models have produced quantitative agreement
with the experimental data. While tuning the parameters of
the force field that represents the polymers improves the
agreement between the computed and measured values, it
has been shown that the size of the simulation cell itself [23]
and the method of polymer generation [22] significantly af-
fect the calculated molecular solubility in a polymer glass.
The only work that we are aware of that investigates the
properties of nanotube-polymer composites is that of Wei et
al. [29] who used MD simulations to study the thermal ex-
pantion and transport characteristics of carbon nanotube-
polyethylene composites. In addition, MD simulations were
very recently utilized by Han and Elliot [30] to compute the
elastic properties of polymer-canbon nanotube composites.

The rest of this paper is organized as follows. In Sec. II
we present the details of the molecular modeling, including
the atomistic models of PEI, its composites, MD simulation
of gas diffusion in the materials, and computation of the
free-volume distributions and the gases’ solubilities. Section
IIT contains the results of the study and their implications,
while Sec. IV presents an in-depth discussion of the results.
The last section summarizes the paper.

II. MOLECULAR MODELING AND SIMULATION

The MD simulations consist of two steps. First, we gen-
erate molecular models of PEI and also a mixed-matrix poly-
mer (MMP) composite, consisting of PEI and carbon nano-
tubes, by the methods described below and compute the free-
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volume distributions and the solubilities. The next step is
carrying out equilibrium MD simulations of the diffusion of
CO, and CH, in PEI and MMP composites. In what follows,
we describe the details of the computational techniques
employed in our studies.

A. Generation of the polymer and its mixed-matrix composites

The PEI microstructure was generated using a modified
version [31,32] of the self-avoiding walk (SAW) method of
Theodorou and Suter [33]. Polymer generation starts by in-
serting three atoms in the backbone of the polymer, con-
nected together by the bonds, in a cubic unit cell in a random
orientation. The length of the backbone chain is then in-
creased stepwise by adding one atom at a time to the grow-
ing polymer chain, using the modified SAW method. During
the growth of the polymer, the allowed rotational states of
successive bonds between adjacent atoms are determined
from the probability distribution functions that are governed
by energy considerations. The probability that a bond as-
sumes a given orientation relative to an adjacent bond de-
pends on the rotational state of the adjacent bond. Therefore,
although an atom can be added to the growing polymer in a
number of different orientations, only the particular orienta-
tion that results in the smallest increase in the potential en-
ergy of the polymer has the highest probability of forming.
In this way polymers of a given length are constructed. The
PEI structure was constructed using 40 repeating units, and a
single polymer chain was inserted into the simulation cell in
order to eliminate chain-end effects.

We used single-walled carbon nanotubes (SWCNTSs) in
order to generate nanotube—PEI-polymer composites. Two
types of composite were generated using open-ended zigzag
(7,0) and (12,0) nanotubes. (Use of other types of carbon
nanotubes is currently being studied.) We refer to the two
types of polymer composites as MMP7 and MMP12, respec-
tively. The length of both nanotubes was about 14.4 A,
whereas their open-end diameters were 7 and 10.5 A, respec-
tively. In each case three nanotubes were inserted at ran-
domly selected positions within the polymer matrix (without
allowing overlap with the polymer’s atoms) and their dan-
gling ends were saturated with hydrogen atoms. Their final
locations within the polymer were determined using energy
minimization and MD simulations (see below). The weight
fractions of the (7,0) and (12,0) nanotubes in the composites
were 0.13 and 0.22, respectively. Figure 1 presents the struc-
ture of a repeating unit of PEI, together with that of the (7,0)
nanotube. Minimum-image periodic boundary conditions
were imposed on the cubic simulation cell in order to elimi-
nate the boundary effects. The entire procedure for generat-
ing the structures of the materials and computing the various
properties of interest was as follows.

In the case of pure PEI [13], the initial packing density in
the simulation cell was set at 0.1 g/cm?® (using a large simu-
lation cell). The energy of the system was then minimized
using conjugate-gradient algorithms [9]. The resulting struc-
ture was then compressed using MD simulation in a (NPT)
ensemble under a pressure of 0.6 GPa for 10 ps in order to
increase the polymer density to be as close to the experimen-
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FIG. 1. (Color online) Repeating units of the PEI (top) structure
and the zigzag (7,0) carbon nanotube (bottom).

tal value of 1.27 g/cm?® as possible. Energy minimization
and short-duration MD simulations in the (NVT) ensemble at
1000 K were then followed in order to further relax the ma-
terial. Then, MD simulations were carried out in the (NPT)
ensemble for several ns at 1 atm and 300 K. The gases’ solu-
bility and the free-volume distribution of the polymer were
then computed. To compute the effective self-diffusivities of
CO, and CH, in the PEI structure we followed the same
procedure as above, except that, after generating the initial
PEI structure by the SAW method, we inserted the gas mol-
ecules in the simulation cell (without allowing overlaps of
the gases with the atoms of the PEI structure) and followed
the energy-minimization—-MD simulation procedure. We esti-
mated the diffusivities by using both the (NPT) and (NVT)
ensembles and, as discussed below, discovered some differ-
ences between the results obtained with the two ensembles.

In the case of MM PEI, after generating the polymer at
low density, we inserted the SWCNTs at randomly selected
points within the simulation cell, disallowing overlap with
the atoms of the PEI structure. The same energy minimiza-
tion, compression, and further relaxation steps as above were
then followed. The gases’ solubilities and the composites’
free-volume distributions were then computed. To compute
the self-diffusivities of the gases, insertion of the nanotubes
was followed by insertion of the gases’ molecules into the
simulation cell at randomly selected points (without allowing
overlaps), followed by energy minimization, compression,
and further structural relaxation. In all the cases, ten mol-
ecules of each gas were utilized in the diffusion simulations.
During all MD simulations, the time step was 1 fs. The tem-
perature was held constant by the Nosé-Hoover method [34],
while pressure was fixed by the Andersen method [35]. All
softwares used in the simulations have been developed in our

group.

B. Force field

All interaction potentials for pure PEI were computed
based on the polymer-consistent (PC) force field [36]. The
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details of the force fields were given previously [13,36], but
for completeness are briefly described here. The potential
energy associated with bond stretching is given by

4
Ey= 2 k(€ =4y, (1)
=2

where € is the equilibrium length of the bond, € its length
during the simulations, and &; a force constant. The potential
energy associated with the deviations of bonds’ angles from
their equilibrium values is determined by

4

Ey=2 h(6-6,), (2)
=2

where 6, is the equilibrium bond angle, 6 its angle during the
simulations, and #; the corresponding force constant. The
dihedral (torsional) potential energy of the bonds is given by

4
E¢=Ed,-(1—cosi¢), (3)
i=2

with d; being a force constant and ¢ the dihedral angel. The
nonbonded interactions were estimated using a sum of a 6-9
Lennard-Jones (LJ) potential and the standard expression for
the Coulombic interactions:

9 6
Enb(rij)zz fij[z(zli> —3<Zi> } +2qi11, (4)
ij Tij i

Tij i Tij
with
6\ 1/6 33
g; + 0 g;0;
— — e Sy
(le—<—2'L> . Eij—2\/€i€j 6 6> (5)

i J
where o; and ¢; are the usual LJ size and energy parameters
for atom i, rij is the distance between atoms i and j, and g;
and g; are their partial electrical charges. In the present study,
the potential energy function E,,; for the nonbonded interac-
tions was cut off at an interatomic distance of 11 A. This was
based on our previous molecular simulations of the diffusion
and sorption of various gases in other nanoporous materials
[37,38]. In those studies we used the Ewald summation tech-
nique [37] and the multipole expansion method [38,39] in
order to account for the Coulombic interactions. Our studies
[37,38] indicated that a relatively large cut off distance for
computing the contributions of the Coulombic interactions
yields reasonably accurate results, while being much simpler
than either of the other two methods. Table I lists the force
field parameters of CO, and CH, used in the simulations.
We are not aware of any classical force fields that have
been designed for a polymer composite of the type that we
are considering in the present paper. If the radius of a
SWCNT is large, its properties must be closely related to
carbons in graphite, which have sp? valence orbital hybrid-
ization. Quantum mechanical studies [40] indicate that as the
radius decreases, the curvature structure of a nanotube
changes valence orbital hybridization and the effective bond
order. This leads to hybridization which is close to sp3,
which influences the dynamic fluctuations of the SWCNTs
out of their smooth cylindrical structure at zero temperature.
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TABLE 1. Values of the PC force field for CH, and CO,.

CH, CO,
C H C-H C 0 C-=0

o (A) 4.010 2.995 4.010 3.530

€ (kcal/mol) 0.054 0.020 0.064 0.060

g (electron) -0.0530 0.01325 0.120 -0.06

Iy (A) 1.101 1.160

Consequently, the potential interaction between gas mol-
ecules and the SWCNTs may also be affected. Therefore, it
is reasonable to expect that adsorption and diffusion of gas
molecules inside SWCNTs may also be affected by the
change in hybridization. Indeed, this has been found to be
the case by Mao et al. [16] and others [29,41]. These groups
used a variety of classical force fields based on the Brenner
potential and its extensions [42]. One may also develop a
classical force field for SWCNTs by interpolating between
sp® and sp® values, using the data for sp® and sp® carbons
provided by the self-consistent force field [43].

However, the above results were obtained for diffusion
and adsorption inside SWCNTs. Our preliminary simulations
for the MM PEI structure with SWCNTs indicated that, re-
gardless of the force field used, the gas molecules hardly
ever pass through the nanotubes. Instead, as described below,
the main effect of the nanotubes on the composite polymers
is inducing large fluctuations in their accessible free volumes
and increasing them, which, in turn, affects diffusion and
sorption of gas molecules in the composite polymers. Given
that (a) the nanotubes are also composed of carbon atoms
and that (b) the PC force field is supposed to be able to
represent a variety of polymers and carboneous materials, we
used the PC force field to also generate the atomistic models
of MM PEI composites. While a more detailed force field
would be desirable using, for example, the technique of Ref.
[43], we do not believe that such a force field would change
the essence of the results that are presented below.

We also point out that the partial charges that are listed in
Table I are smaller than those reported previously in the lit-
erature and that the carbon van der Waals radius listed in
Table I is about 20% larger than what has been reported
previously [10-13,44-47]. The reason for the difference is as
follows. According to Egs. (4) and (5), a 6-9 LJ potential, as
opposed to the classical 6-12 LJ potential utilized in previ-
ous studies, is used in the present work. Moreover, the mix-
ing rules, Egs. (5), are different from the usual Lorentz-
Berthelot rules (arithmetic and geometric averages for the
size and energy parameters, respectively) used in most of
previous studies. Since the LJ parameters are typically esti-
mated by using experimental data for some properties of a
material to fit the parameters of a force field which is used in
atomistic simulations, the difference between what is listed
in Table I and the previously reported values is natural. This
is particularly true if we recall that the parameters of the PC
force field represent optimal values, designed to reproduce
reasonably accurately the morphology of the PEI. As such,
they are necessarily not the same as those reported in the

literature, even if we had used the 6-9 LJ potential with the
Lorentz-Berthelot mixing rules.

C. Estimation of the self-diffusivities

As mentioned above, to estimate the self-diffusivities of
CO, and CHy, in the PEI and MM PEI structures, ten mol-
ecules of each gas were added to the simulation cell that
contains the PEI or MM PEI structure, after which energy
minimization, compression, and further relaxation of the sys-
tem were carried out. The self-diffusivities were then esti-
mated from the mean-square displacements of the gas mol-
ecules using the Einstein relation

D=lim 6it<|R(t) -R(0)]. (6)

Here, (-) indicates averages over all gas molecules and over
all possible time origins for the motion of the gas molecules
and R(z) is the Cartesian position vector of a gas molecule at
time 7. The time intervals between the origins were selected
to be 100 fs apart.

D. Accessible free volumes and solubilities

To compute the free-volume distributions of the PEI and
MM PEI structures, MD simulations in the (NPT) ensemble
were carried out in the absence of gas molecules. Twenty
configurations each of the PEI, MMP7, and MMPI12 PEI
structures were taken from the simulation trajectories at ev-
ery 100 fs. The accessible free volumes of the PET and MM
PEI structures were then computed using the following
method based on a hard-sphere probe.

(i) The cubic simulation cell was partitioned into a three-
dimensional mesh of 100 X 100X 100 subcells.

(ii) A probe molecule (hard sphere) of a given diameter
was inserted at the center of each subcell, and the distance to
the nearest atom of the material was computed. If the dis-
tance turned out to be larger than the sum of the van der
Waals radii of the penetrant molecule and the material’s
atom, the subcell was considered as contributing to the ac-
cessible free volume. The cavity size distributions of the PEI
and MMP structures were then computed using a Voronoi
tessellation of the space based on the algorithm of Tanemura
et al. [48]. The vectors connecting (the centers of) the atoms
in the system were perpendicularly bisected and a large num-
ber of intersecting planes were generated. The polyhedra as-
sociated with the atoms were then constructed using the al-
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gorithm. As a Voronoi polyhedron around an atom identifies
its own available space, it can be related to the void volume
of the dense amorphous polymer, which was then used to
study the evolution of the free volume.

The particle insertion method of Widom [49] was used to
estimate the solubility S, of the gases in the PEI and MM
PEI structures. Sy is defined as the gas concentration in a
volume element of the polymer which is in equilibrium with
a given outside reservoir pressure of the same gas. Following
the energy minimization, compression, and MD simulation
procedure described above, 20 PEI and MM PEI configura-
tions at 20 different times, with intervals of 100 fs in be-
tween, were extracted from the MD simulations and used in
the simulations with a test particle. The potential parameters
for the test particle was also taken from the PC force field.
The insertion procedure was then followed by calculating the
interaction energy E of the system, consisting of the test
particle and the polymers. In the (NPT) ensemble the excess
chemical potential w, is computed via

o =—kgTIn So=— kT In(f,V exp(— ElkgDIKVY), (7)

where T is the temperature, kp is Boltzmann’s constant, f,, is
the accessible free-volume fraction, V is the cell’s volume
during the simulations with (V) being its ensemble average,
and (- - -) denotes an ensemble average over all the polymers’
configurations extracted during the MD simulations. The re-
lation between the solubility S, in Eq. (7) and the actual
solubility coefficient S in units of cm® (STP)/(cm? atm) is
given by

1
S=—"—35, 8
50 ®)

with T(y=273.15 K and Py,=1.0 atm.

III. RESULTS

The cell length was about 31 A for the PEI and 33 and
35 A for the MMP7 and MMPI12 structures, respectively.
The density of the materials, after energy minimization, com-
pression, and further relaxation, was about 1.15 g/cm?® for
the MMP7 PEL 1.1 g/ cm? for the MMP12 (we are not aware
of any data for the densities of the MMP7 and MMP12), and
1.27 g/cm? for the PEI structures which is the same as the
experimental value. Given the void space that the SWCNTs
generate in the MM polymers (see below), their densities
appear reasonable, as they are lower than that of PEIL.

A typical morphology of the MM polymer in a simulation
cell is shown in Fig. 2. To understand the morphology better,
we make a rough analogy between the SWCNTs in the PEI
structure, on the one hand, and a polymer near a rigid wall,
on the other hand (the analogy is not exact, because the
nanotubes’ walls are not completely rigid and also have cur-
vature). Then, in analogy with the phenomenon of polymer
depletion near a rigid wall, one may also expect polymer
depletion normal to the long axis of the nanotubes, a phe-
nomenon induced by entropic effects, but also affected by
the flexibility of the nanotubes normal to their long axis.
Figure 2 indicates this effect.
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FIG. 2. (Color online) Calculated radial distribution functions of
PEI and its composites.

The computed radial distribution functions g(r), defined
as the probability of finding atoms at a distance r from an-
other atom compared to the ideal gas distribution, are pre-
sented in Fig. 3. The first sharp peak at 1.3 A is due to the
C-H bonding, while the second sharp peak at 1.4 A is con-
tributed by the C-C bonding in the phenyl rings. Note that,
due to the phenyl groups of the nanotubes, the second peaks
of the radial distribution functions of the composite polymers
are higher than that of PEI. As is well known, the difference
between a liquid state and an amorphous polymer is that
short-range order in polymers is dominated by the fixed bond
lengths associated with the backbone atoms. The radial dis-
tribution functions shown in Fig. 3 indicate clearly the amor-
phous nature of the three polymers—i.e., the complete ab-
sence of long-range order.

The time dependence of the free-volume fractions f, for a
probe of size o0=2.5 A, averaged over 20 configurations
taken from the MD simulation in the (NPT) ensemble, is
shown in Fig. 4. During the MD simulation in the (NPT)
ensemble, fluctuations of f,, were very small. In general, in
glassy polymers such as PEI, the characteristic times are so
long that the accessible free volumes undergo very small
fluctuations. As Fig. 4 indicates, fluctuations of the acces-
sible free volumes in MMP7 and MMP12 are somewhat
larger than those in PEI, which is due to the presence of
nanotubes and the fluctuations that they induce in the free
volume of the polymer chain. These features indicate that the
atomistic models that we have generated for PEI and its
composites should be quite reasonable.

Figure 5 presents the accessible free-volume fractions f,,
calculated based on a hard-sphere probe and plotted as a
function of the probe’s diameter (which is represented by its
LJ size parameter o) for PEI and its composites. We took
into account the effect of the different densities of PEI and its
composites. The values of f,, decrease rapidly with increas-
ing probe diameters. The free-volume fractions are the larg-
est for MMP12, while those of PEI are the smallest. In PEI
and MMP7, the accessible free-volume fractions are less
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FIG. 3. Fluctuations with the time of the accessible free-volume
fractions of PEI and its composites. The probe size is 2.5 A.

than 1% when the probe size is only 3 A. One might then
conclude that the empty volume of the nanotubes contributes
significantly to f,,. However, since the difference between
values of f, for PEI and its composites for the smallest probe
size is somewhat larger than the empty volumes of the (7,0)
and (12,0) nanotubes, we recognize that the increase in f,, in
the two polymer composites relative to PEI is, in fact, due to
a variety of factors. The most important of such factors is the
repulsive interactions between the nanotubes and the poly-
mers’ chain, and the fluctuations that such interactions in-
duce in the polymers’ morphologies. Figure 5 also indicates
that permeation of gas molecules through the polymer com-
posites must be easier than that in PEI, hence already indi-
cating a possible improvement in the separation and trans-
port properties of the composites over pure PEL

As described earlier, the Voronoi tessellation method was
utilized to compute the distributions of the cavity sizes (vol-
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FIG. 4. The distributions of the free-volume fractions of PEI and
its composites, averaged over 20 configurations.

PHYSICAL REVIEW E 76, 011810 (2007)

30

251 MMP12

20

Accessible free-volume fraction (%)
>
1

MMP7

104

oy PEI

0 T T T T T T : T
0 1 2 3 4

Diameter of probe (4)

FIG. 5. Three-dimensional view of the mixed-matrix PEI struc-
ture within the simulation cell.

umes) for the unit cells of the PEI, MMP7, and MMP12
structures, taking all the atoms into account. The resulting
distributions of the cavity sizes (volumes) at three different
times are shown in Fig. 6. The shape of the cavity size dis-
tribution in the PEI structure is somewhat different from
those of its composites, exhibiting distinct “shoulders” that
are not seen in the polymer composites. On the other hand,
there are small numbers of high-volume cavities in the poly-
mer composites that are not seen in the PEI structure. This is
particularly true of MMP12 which has a small, but signifi-
cant, fraction of cavities with volumes larger than 40 A3.
These features are caused by the absence of the nanotubes in
pure PEI and their presence in the polymer composites. The
nanotubes squeeze the PEI matrix, hence making the cavity
size distributions in the composites more sharply peaked. But
they also make it possible to generate a small number of
large cavities in the polymer composites, hence opening the
way for their improved performance as membranes for gas
separation and as composites for other applications. The
squeezing effect may be atributed to the repulsive interaction
between the polymer and the nanotubes, and is also consis-
tent with the depletion of a polymer near a rigid wall de-
scribed above. Consistent with Fig. 4, the cavity size distri-
butions do not vary widely with time. Figure 7 presents the
ensemble-averaged cavity size distributions at long times.
As mentioned earlier, the test particle insertion method
[49] was used to compute the excess chemical potentials of
CH, and CO, in PEI, MMP7, and MMP12 at 300 K and
1 atm. Figure 8 presents the results. Due to their high free-
volume fractions, the excess chemical potentials of the gases
in the composite polymers are lower than those in PEI, with
the excess chemical potentials in MMP12 being the lowest.
In all cases, the excess chemical potentials of CO, in the
materials are lower than those of CH,, presumably due to the
van der Waals energy and Coulombic charges for
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FIG. 6. Time evolution of the cavity volume distributions in PEI and its composites.

CO,, which are larger than those of CH,. The fluctuations in
the excess chemical potentials are clearly correlated with
those of the free-volume fractions shown in Fig. 5.

The computed solubility coefficients are presented in
Table II, where, in the case of PEI, they are also compared
with the experimental data [50]. In the case of PEI, the com-
puted solubility of CO, is about one order of magnitude
larger than the measured value, while the computed CH,
solubility is about a factor of 6 larger the corresponding ex-
perimental measurement. The computed ratio is Sco,/Sch,
=8.0, which should be compred with the measured value of
about 3.7. Note that there are some experimental uncertain-
ties in the experimental values of the solubilities, as Henry’s
law constant, which is derived from fitting experimental
sorption isotherm data to the so-called dual-mode sorption
model [51], is taken as the experimental value of the solu-

bility. Note also that the difference between the computed
and measured solubilities that we are reporting here is about
the same as those reported previously [18,19,29].

There are currently no experimental data for MMP7 and
MMPI12 to compare with our computed values, but as Table
II indicates, the polymer composites have much higher gas
solubilities than PEI If we assume that the difference be-
tween the computed gases solubilities in MMP7 and MMP12
and the true experimental data (if they were available) are of
the same order of magnitude as those for PEI, the results
shown in Table II would still indicate gas solubilities in poly-
mer composites that are larger than those in PEI Since the
permeability K of a gas through a membrane is usually de-
fined in terms of its self-diffusivity and solubility, the higher
solubilities of the gases in the polymer composites indicate
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FIG. 7. The distributions of the cavity volumes in PEI and its
composites, averaged over 20 realizations.

that they may also have higher gas permeabilities. We shall
return to this point shortly.

We now turn to presenting the results for the self-
diffusivities of CO, and CH,. We first note that, in a polymer
composite made of one SWCNT and the PEI structure, one
would expect the accessible free volume for the diffusion of
small gas molecules to be distributed inhomogeneously about
the long axis of the nanotube. In such a material, the diffu-
sion coefficients may vary locally. That is, they will be dif-
ferent if computed for different parts of a polymer compos-
ite. The dependence of the diffusivities on the local free-
volume fraction may then be described by Doolitles’ law
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FIG. 8. The excess chemical potentials of CH, (circles) and
CO, (triangles) in the three materials.

—) ©)
Tmax — 7

or a modification of it [52], where 7 is the packing fraction
of the material with #,,, being its maximum value, and A
and B are constant. In the present work three SWCNTs have
been inserted at random into the PEI-structure matrix, which
decrease the degree of inhomogeneity about the long axis of
any one of them. Therefore, the effective self-diffusivities

D=A exp(—
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TABLE II. Computed and measured solubilities of CH, and CO,.

PEI MM7 MM12
Co, CH, Co, CH, CO, CH,
S (computed) 9.05 1.12 39.05 20.14 149.6 74.95
S (measured) 0.76 0.21

that we calculate from the slope of the plots of the mean-
square displacements (MSDs) versus time should be reason-
able indicator of the effect of polymer composites’ mor-
phologies on diffusion of small gas molecules through them.

Figures 9 and 10 display, respectively, the ensembles of
the gases’ trajectories in the simulations cells in the PEI and
MMP7 structures, over the length of the simulations. Com-
pared with PEI, the ensemble of the CO, trajectories in the
MMP7 appears in the form of a large and elongated part of
the space which is around the nanotubes, rather than a part of
the space that include the nanotubes themselves. This is
caused by (a) the presence of nanotubes and the squeezing
effect that they have on the polymer’s morphology (see
above) and (b) the depletion phenomenon near the nano-

\

CO
PEI

FIG. 9. The ensemble of the trajectories of CO, and CH, in the
PEI structure.

tubes. There are also striking differences between the en-
sembles of the CH, trajectories in PEI and MMP7. The en-
larged sets of trajectories for both gases also indicate that
their effective self-diffusivities in MMP7 (and, hence,
MMP12) must be larger than the corresponding values in
PEI. As discussed below, this is indeed the case.

To better understand the differences between the trajecto-
ries of the two gases in PEI and its composites, we present in
Figs. 11 and 12 the time dependence of the displacements
R(z) of the two gases in PEI and MMP7, respectively. The
fluctuations of R(z) for CO, in MMP7 are larger than those in
pure PEI by a factor of about 2. Equally striking are the
differences between the displacements of CH, in PEI and
MMP7. While displacements of CH, in PEI fluctuate mostly
in a narrow band around 3 A, they vary widely anywhere
between 1 and 9 A in MMP7. The differences are clearly
indicative of the restricted morphology of PEI for diffusion
of the gases.

These features are all consistent with the hopping mecha-
nism which is often invoked to explain diffusion of small gas

FIG. 10. Same as in Fig. 9, but in the MMP7 structure.
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FIG. 11. Time dependence of the displacements of CO, and
CH, from their initial positions in the PEI structure.

molecules in amorphous polymers. According to the hopping
mechanism, the gas molecules oscillate in a cavity until the
“tunnels” between adjacent cavities are opened, which al-
lows them to hop to the neighboring cavities, provided that
they are not already occupied by other gas molecules. The
magnitude of the oscillations and the frequency of the hops
from one cavity to another depend on the polymer’s density
and the flexibility of its morphology. In the MD simulations
the nanotubes were allowed to be deformable, rather than
being rigid structures. Therefore, fluctuations in the deform-
ing nanotubes give rise to increased fluctuations in the PEI
chain, hence leading to more frequent hops or jumps of the
gas molecules between the cavities. Such fluctuations then
explain the larger oscillations and the jump frequencies of
the gases in MMP7 (and still larger in MMP12) than those in
PEL

Figures 13 and 14 present the time dependence of the
MSDs of the two gases in PEIL In the Fickian regime of
diffusion, a plot of log(MSD) versus log(z) must be linear
with a slope of 1. Figures 13 and 14 also present such plots,
and in both cases the slopes are =1. Moreover, in both cases,
the diffusion of the gases reaches the Fickian regime rela-
tively quickly.

The computed self-diffusivities of the two gases in PEI
are listed in Table III, along with the experimental data. The
computed self-diffusivity of CH, is within a factor of 6 of
the measured value. As for CO,, the reported measured self-
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FIG. 12. Same as in Fig. 11, but in the MMP?7 structure.

diffusivity of CO, in PEI varies by as much as one order of
magnitude, ranging (all in cm?/s) from 11.4X 107 [50] to
7.5%107° [51] and 1.3 X 107 [53]. Therefore, the computed
self-diffusivity of CO,, 5.5X 1072 cm?/s, is just in the
middle of the range of the measured values. Given that the
parameters of the PC force field have been optimized for
accurate representation of the morphology of a class poly-
mers, but not for the transport properties of the gases in
them, the agreement between the computed and measured
diffusivities of the gases in the PEI is reasonable.

We note one possible qualitative difference between the
computed and measured self-diffusivities of the two gases.
Whereas the computed self-diffusivities indicate that Dco,
<Dcy,» the measured values do not indicate a clear pattern.
The two lower measured self-diffusivities reported in the lit-
erature [51,53] (see above) are consistent with the pattern of
the computed diffusivities, but the highest reported measured
self-diffusivity of CO, indicates the opposite pattern:
namely, that Dco,> Dcp,- This calls for more accurate mea-
surements of the diffusivities in PEL.

As mentioned earlier, we also estimated the self-
diffusivities of the two gases in PEI using the (NPT) en-
semble. This means that during the MD simulation of the
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FIG. 13. Time dependence of the MSDs of CO, in the PEI structure (left) and its logarithmic plot (right), computed using the (NPT)

ensemble.

diffusion process the polymer can expand and attain a lower
density. Indeed, the density of PEI, which was initially fixed
at its experimental value of 1.27 g/ cm?, decreased to, and
settled at, 1.19 g/ cm? after some time, when we carried out
the simulations with the (NPT) ensemble. Figure 15 presents
the resulting MSDs for the two gases obtained with the
(NPT) ensemble. They result in self-diffusivities that are
larger than those reported above, obtained with the (NVT)
ensemble which holds the volume (and, therefore, the den-
sity) of the polymer fixed during the simulations. Such self-
diffusivities also indicate that Dco,> Dcp,- One might argue
that in an actual experiment in which CO, or CH, diffuses in
a polymer, the volume of the polymer may increase (unless it
is somehow prevented from doing so) and, thus, the simula-
tions with the (NPT) ensemble might correspond more
closely with such an experiment. However, practically all
previous MD simulations of the diffusion of gases in various
polymers have been carried out in the (NVT) ensemble.
Moreover, recall that (see above) during the energy minimi-

16 CH
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1 PR | | -
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(-]
1 "

i T T T T
0 500 1000 1500 2000

Time (ps)

zation and MD simulations of the polymer and the gases’
molecules the system is allowed to expand. Thus, we believe
that the simulations in the (NVT) ensemble are appropriate.

Figure 16 present the time dependence of the MSDs of
CO, and CHy in the two polymer composites, obtained with
the (NVT) ensemble. The resulting self-diffusivities are also
listed in Table III. We are aware of no experimental data for
diffusion of the two gases in the two polymer composites. As
Table III indicates, the self-diffusivities of both CO, and
CH, in the polymer composites are larger than those in PEI
In particular, the estimated self-diffusivity of CO, in MMP12
is larger than in PEI by a factor of more than 2, while that of
CH, is larger by a factor of about 7. Note that, consistent
with the computed self-diffusivities of the two gases in PEI,
the ratio Dcy,/Dco, for the polymer composites is greater
than 1. Given the relative accuracy of the gases’ effective
self-diffusivities in PEI, the results for the polymer compos-
ites should also be reasonably accurate.

1.2
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=)
(2]
g
o 044
o
-
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O
T T T
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Log (time)

FIG. 14. Same as in Fig. 13, but for CH,.
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TABLE III. Computed and measured self-diffusivities of CH, and CO,, obtained with the (NVT)

ensemble. All numbers are in cm?/cs.

PEI MM7 MM12

CO, CH, CO, CH, CO, CH,
D % 10° (computed) 5.5 8.0 7.35 16.27 13.73 57.2
D X 10° (measured) 1.3-11.4 1.13

Recall that, as our simulations indicate, the gases’ solu-
bilities in the polymer composites, even when we take into
account the uncertainties in the computed and measured val-
ues, are higher than those in pure PEI (see Fig. 8 and Table
II). Then, since the permeability K of a gas through a poly-
mer is defined by

K=Ds, (10)
we may conclude that the polymer composites generated
with the carbon nanotubes should have gas permeabilities
that are larger than those in PEI by at least a factor of 2-3,
when we take into account the uncertainties indicated by
Tables II and III. While there are currently no experimental
data to compare with our results for polymer composites to
confirm our contention, we believe that the results do indi-
cate clearly the possibility of designing MM polymeric
membranes, using carbon nanotubes, for gas separation with
much improved permeabilities and separation properties than
pure polymeric membranes.

It should also be pointed out that in a graphene sheet the
conduction and valence bands touch each other at the six
corner points of the first Brillouin zone, filled with electrons
at the Fermi (highest-)energy level [54,55]. Thus, in general,
the sheet behaves as a semimetallic material with a zero band
gap. If a nanotube is infinitely long, its electronic states will
be parallel lines in the Fourier space. The lines are quantized
along the circumference, but continuous along the tube’s
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FIG. 15. Time-dependence of the mean-square displacements of
CO, and CHy in the PEI structure, computed using the (NPT)
ensemble.

axis. A (m,n) nanotube can behave as a metallic material if
m=n, since in this case there are always electronic lines
(states) that cross the corner points of the first Brillouin zone.
If m-n is not a multiple of 3, the electronic states will not
pass through the corner points, in which case the nanotube
acts as a semiconducting material. But if m-n is a multiple of
3, certain electronic states cross the corner points of the first
Brillouin zone, implying that the tube should be semimetallic
[55].

Since we have used zigzag (m,0) SWCNTs, the two
nanotubes have the two distinct types of electronic properties
described above. That is, in the case of the (12,0) nanotube,
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FIG. 16. Time dependence of the MSDs of the two gases in the
polymer composites, computing using the (NVT) ensemble.

011810-12



MOLECULAR DYNAMICS SIMULATION OF DIFFUSION OF...

the material is semimetallic, while the (7,0) nanotube should
be semiconducting. Thus, it may be that the differences in
the diffusion properties of the MM7 and MM12 composites
might partly be attributable to the difference between the
electronic properties of the two nanotubes. To check this pos-
sibility more precisely, one must have a more accurate force
field than what we have used in this work. Work in this
direction is in progress.

IV. DISCUSSION

In general, one might expect the simple insertion of
nanotubes in to a polymer to improve the transport properties
of gases through the material, because one might intuitively
expect the gas molecules to pass through the nanotubes
which have smooth potential energy surfaces (provided that
their walls are more or less rigid) that give rise to fast trans-
port. However, attributing higher diffusivities to only pas-
sages through the nanotubes is naive. The phenomenon is, in
fact, far more complex.

First, the nanotubes must have open ends with diameters
that are large enough to accomodate the gas molecules. For
example, in the present study, the MMP12 material can ac-
comodate both CO, and CH,, as does MMP7 but with some-
what more difficulty.

Second, passage through the nanotube can facilitate trans-
port of the gases through the polymer composite only if ei-
ther the tubes themselves form percolating paths through the
polymer or do so jointly with large cavities (which, however,
fluctuate in time). In the present study, we inserted only three
SWCNTs in the polymer, hardly enough to form percolating
paths for gas transport (see Fig. 2).

Third, if the nanotubes are inserted in the polymer matrix
in such a way that the gas molecules can hardly access them
(a percolation effect), then no significant improvement in the
performance of the MM polymer should be expected, unless
the nanotubes can induce creation of larger accessible free
volume fraction in the polymer, which is the case here.

The fourth, and perhaps most important, aspect of this
phenomenon is that the gas molecules may become essen-
tially trapped in the cavities dispersed in the polymer matrix
that originate from entanglement of a polymer chain for pe-
riods of time that can be quite long (see Figs. 11 and 12).
Therefore, improvement in the performance of the polymer
matrix for gas transport depends (in addition to the poly-
mer’s density and morphology) on how much the nanotubes
can squeeze the polymer matrix to induce fluctuations in its
morphology, leading to the creation of large cavities
(see above).

It is well known that the transport and solubility of small-
size gas molecules are significantly affected by the free-
volume distribution in amorphous polymers. It is, of course,
of great interest to correlate the free volumes with the self-
diffusivities and solubilities. There have been many efforts in

PHYSICAL REVIEW E 76, 011810 (2007)

the past to determine the free-volume distributions by experi-
mental techniques, such as positron annihilation lifetime
spectroscopy (PALS) and photochromic and spin probe
methods. In particular, PALS has emerged as a powerful
technique, since it provides one with direct and detailed in-
formation on the free volume. For example, Hofmann et al.
[56] compared the results of molecular simulations with
the PALS  measurements of highly permeable
poly(1-(trimethylsilyl)-1-propyne) and moderately perme-
able polystyrene derivatives, while Nagel er al. [57] made
the same comparison for polyimide. Dong and Jacob [58]
investigated the effect of molecular orientation on the free
volume of polyethylene using the Voronoi tessellation tech-
nique described above, while Dammert et al. [59] studied the
relation between the tacticity and free volume of polystyrene
by PALS and Voronoi tessellation. It would be of great inter-
est to prepare polymer composites of the type modeled in the
present paper and measure the self-diffusivities and solubili-
ties of gases in them in order to confirm the results of the
MD simulations reported here.

V. SUMMARY

Atomistic simulations were used to generate models of
amorphous polyetherimide and mixed-matrix PEI by insert-
ing carbon nanotubes into a pure polymer. The self-
diffusivities of CO, and CH, in PEI and its mixed-matrix
composites at 300 K were estimated using molecular dynam-
ics simulations. In the presence of nanotubes and their repul-
sive interactions with PEI, there are larger fluctuations in the
free-volume distributions of the composites. This is partly
reflected in the distributions of the cavity sizes in the PEI,
when carbon nanotubes are inserted into it, which take on
sharply peaked shapes, but with a few large cavities created
in the polymer. As a result, the self-diffusivities of the gases
in the mixed-matrix polymers are higher than those in pure
PEL

The solubility coefficients of CO, and CH, in PEI and its
mixed-matrix versions were also computed using molecular
simulations. The polymer composites also have higher gas
solubilities than PEI, hence indicating that a mixed-matrix
polymer that consists of a polymer and carbon nanotubes
will have much improved gas permeabilities and separation
properties for gaseous mixtures than the original polymer
itself.

Clearly, more extensive simulations are needed in order to
draw more quantitative conclusions. In particular, one should
systematically change the number of nanotubes and also use
chiral nanotubes, as opposed to the zigzag ones used in the
present study, in order to study their effects. The use of a
more accurate force field for representing the nanotubes
would also be desirable, as would a study of the diffusion of
gases of various sizes in composites. Work on these aspects
is in progress.

We note, however, that a recent theoretical study by Hill
[60] also indicated that the gases’ permeabilities and diffu-
sivities in composite polymeric membranes should be larger
than those in a pure polymer. Hill attributed this effect, as we
do, to the replusive interactions between the polymer and the
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inserted particles. Thus, we believe that the qualitative as-
pects of our results will remain unchanged, even if more
acurate force fields are used. But this assertion remains to be
confirmed.
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Abstract

A novel method is presented based on the use of sacrificial interlayers for the preparation of nanoporous silicon carbide membranes. It involves
periodic and alternate coatings of polystyrene sacrificial interlayers and silicon carbide pre-ceramic layers on the top of slip-casted tubular silicon
carbide supports. Membranes prepared by this technique exhibit single gas ideal separation factors of helium and hydrogen over argon in the
ranges 176465 and 101-258, respectively, with permeances that are typically two to three times higher than those of silicon carbide membranes
prepared previously by the more conventional techniques. Mixed-gas experiments with the same membranes indicate separation factors as high as
117 for an equimolar H,/CH, mixture. We speculate that the improved membrane characteristics are due to the sacrificial interlayers filling the
pores in the underlying structure and preventing their blockage by the pre-ceramic polymer. The new method has good promise for application to

the preparation of a variety of other inorganic microporous membranes.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The increased interest in the efficient production of hydro-
gen, and in environmentally benign power generation, is driving
current development efforts on the preparation of microporous,
hydrogen-permselective, inorganic membranes, which can be
used in the processes (related to Hy production and power gen-
eration) that take place at high temperatures and pressures. The
preparation of a promising new type of microporous membrane
with a —[Si—C]- backbone has attracted much attention [1-14].
Such membranes show promise for overcoming some of the
challenges faced by the current inorganic membranes, which
include questionable hydrothermal stability (e.g., SiO; and zeo-
lite membranes), high cost and sensitivity to sulfur poisoning
(Pd and Pd-alloys), and poor resistance to oxidizing envi-
ronments (carbon molecular-sieve membranes). Two different
approaches have been utilized for the preparation of such mem-
branes, the first involving the use of chemical-vapor deposition
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E-mail address: tsotsis@usc.edu (T.T. Tsotsis).

0376-7388/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
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(CVD)/chemical-vapor infiltration (CVI) techniques, the other
involving the pyrolysis of polymeric, pre-ceramic precursors.
Ciora et al. [1] were the first to report on the prepara-
tion of microporous SiC membranes using CVD. Prior to their
effort other researchers also reported the preparation of porous
SiC membranes by deposition from the vapor phase. They
included Takeda et al. [2] who prepared such membranes by
CVI, using SiH,Cl, and CyH; diluted with Hp, and v-Al,O3
tubes as supports, Pages et al. [3] who prepared Si:C:H mem-
branes on alumina supports using plasma-enhanced CVD of
diethylsilane, and Sea et al. [4] who prepared a SiC membrane
(using an a-alumina tube as support) by CVD of (C3H7)3SiH
(tri-isopropylsilane or TPS) at 700-750°C. The membranes
from these groups showed mostly Knudsen-type transport and
no permselectivity towards hydrogen, however. In our own
studies [1], we utilized two different precursors to prepare mem-
branes on y-Al, O3 tubular supports, namely, CH3SiH,CH; SiH3
(1,3-disilabutane or DSB) and TPS. Both precursors produced
microporous, hydrogen permselective membranes. The DSB-
derived membranes, though thermally stable, did not fare well
in the presence of high-temperature steam, proving unstable. The
TPS-derived SiC membranes, on the other hand, in addition to
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having a high He/N; ideal selectivity, proved also stable in the
presence of high-pressure (1-3 bar) and temperature (<750 °C)
steam. However, the preparation procedure using TPS involves
multiple steps, and requires a high temperature (1000 °C) post-
treatment [1], which is costly and places stringent requirements
on the end-seals and membrane housing during the CVD/CVI
process. Furthermore, the high temperature post-treatment mod-
ifies the membrane pore structure, making it difficult to predict
and to control final product quality; from the membrane manu-
facturing standpoint, this diminishes the advantage of the on-line
control of the CVD/CVI technique.

In tandem with the TPS CVD/CVI method, we also pursued
[1] a dip-coating technique through the pyrolysis of allyl-
hydridopolycarbosilane (AHPCS), a partially allyl-substituted
hydridopolycarbosilane (HPCS). HPCS and AHPCS both pro-
duce a SiC-based ceramic [15,16]. AHPCS was chosen because
itis curable in the presence of inert gases, rather than oxygen, as
required for other PCS polymers (the allyl groups also make the
polymer cross-linkable at lower temperatures). This is impor-
tant, since curing in oxygen introduces Si—O—C linkages in
the resulting ceramics, which have proven to be thermally and
hydrothermally unstable. Prior to our report, other investigators
had reported the preparation of SiC-based membranes by the
pyrolysis of PCS and polysilanes. In an early effort, Morooka
and co-workers [6,7] pyrolyzed PCS, cured in oxygen, to prepare
Si—O—C membranes on alumina substrates, using polystyrene
(PS) as a pore former. A membrane prepared with 1% PS in
PCS had a H, permeance of 4 x 108 molm~2s~! Pa~!, and
an ideal Hy/N; selectivity of 20 at 773 K, but proved unstable
when heated in Ar at 1223 K, or exposed to steam at 773 K.
Lee and Tsai [8,9] prepared Si—O—C membranes by the pyrol-
ysis of polydimethylsilane (the PMS layer was subjected to a
thermolytic reaction at 733K in Ar, followed by O curing
at 473K, and finally pyrolyzed at various temperatures from
523 to 1223 K). Membranes pyrolyzed at 873 K had the highest
separation characteristics (membranes prepared at the higher
temperatures were not microporous), exhibiting a H, perme-
ance of ~2.7x 1072 molm—2s~ ! Pa~!, and an ideal Hy/N,
selectivity of 20 at 473 K. PMS-derived membranes prepared in
an autoclave under a N, atmosphere at low temperatures were
also microporous, but proved unstable to the exposure to steam
[10]. Most recently, Wach et al. [11,12] prepared Si—O—C mem-
branes by the pyrolysis of a blend of PCS and polyvinylsilane
on porous alumina substrates by radiation curing in the pres-
ence of oxygen. Their membrane indicated a Hy permeance of
~3x 10" molm~2s~ ! Pa~! and ideal (Ho/N;) and (He/N,)
selectivities of 206 and 241 at 250 °C, respectively [11].

The membrane prepared by AHPCS pyrolysis possessed
a Hp permeance in the range 1078-10~7 molm~2s~! Pa~!,
and had an ideal separation factor of about 20 for He/N; at
200°C [1]. They proved thermally stable, but the AHPCS-
derived membranes did not fare well in the presence of high
temperature steam, proving unstable. Since that early study
[1], two other groups also prepared membranes by pyroly-
sis of PCS-type pre-ceramic polymers cured in the absence
of O;. Suda et al. prepared [13] SiC membranes by dip-
coating PCS on a-alumina tubes (for cross-linking they used

p-diethynylbenzene and 1-3 divinyltetramethyldisiloxane and,
as in the earlier studies by Morooka and co-workers [6,7], PS
was also used as the pore former for some of the membranes).
Their cross-linked PCS-derived SiC membranes exhibited ideal
separation factors of 90-150 for H»/N», and H; permeance in
the range of (1-3) x 1078 molm~2s~! Pa~! at 373 K. Nagano
et al. [14] prepared SiC membranes by dip-coating of PCS
on y-alumina supports, and reported H, permeance of about
10" molm~2s~! Pa~!, and an ideal separation factor of 8§—12
for Hy/N at 873 K.

The studies discussed so far reported only single-gas perme-
ation data, and (other than the membranes prepared by CVD of
TPS [1]) when tested in steam, the membranes were shown to be
unstable. In arecent paper [17], we reported significant improve-
ments in the preparation of amorphous SiC-based membranes
by the pyrolysis of AHPCS films coated on tubular SiC porous
supports, using a combination of slip-casting and dip-coating
techniques. Combining slip-casting with dip-coating signifi-
cantly improved the reproducibility in preparing high quality
membranes. The membranes prepared had ideal H,/CO; and
H,/CHy selectivities in the ranges 42-96 and 29-78, respec-
tively. Mixed-gas separation factors measured using equimolar
binary mixtures were close to the ideal selectivities. Steam-
stability experiments with the membranes lasting 21 days, using
an equimolar flowing mixture of He/H,O at 200 °C, indicated
some initial decline in the permeance of He, after which the
permeance became stable at such conditions.

In this paper, we report further progress in the development
of AHPCS-derived amorphous SiC membranes. We have
utilized in the preparation of these membranes PS sacrifi-
cial interlayers with the goal of increasing the membrane
permeance, but without negatively impacting the membrane
separation characteristics. As noted above, previously, other
researchers employed PS as a pore-forming agent (mixed in
the PCS prior to layer formation) to increase the hydrogen
permeance [6,7,13]. This was attributed to phase separation
and formation of PS domains during pyrolysis [7,13,18] to
form mesoporous and macroporous regions, and potentially
membrane defects. The resulting membranes had, as a result,
a lower separation factor. On the other hand, the membranes
reported in the present study have both an improved membrane
permeance and also a higher separation factor.

Sacrificial layers to prepare microporous inorganic mem-
branes have been previously utilized to prepare silica and zeolite
membranes. Gavalas and co-workers, for example, formed
[19,20] a carbon barrier layer (by polymerization and carboniza-
tion of furfuryl alcohol) inside the support pores during the
preparation of silica and zeolite ZSM-5 membranes. Hedlund
et al. used [21,22] wax as a masking layer against infiltration
of precursors into the support for preparing MFI membranes. In
these studies, the stated role of the sacrificial layer was to prevent
infiltration of the membrane layer into the underlying porous
support in order to reduce the membrane thickness, and also
to prevent crack formation. Though preventing film penetration
into the underlying porous structure is also one of the roles that
the PS sacrificial layers potentially play during SiC membrane
preparation, their role during membrane formation is likely more
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complex, as PS has been shown previously [18] to impact not
only the cross-linking process, but also the formation of the
three-dimensional (3D) pore structure during PCS pyrolysis.
The key goal of this paper is to introduce this new prepara-
tion technique, which could potentially be used to prepare other
asymmetric inorganic membranes.

2. Experimental

Ultra-high purity gases (He, Hy, Ar, CO», from Glimore Lig-
uid Air Company, and CH4 from Specialty Air Technologies,
Inc.) were used in the experiments. Porous SiC support tubes
were prepared using uniaxial cold-pressing of B-SiC powder
(HSCO059, provided by Superior Graphite Co., with an average
particle size of 0.6 wm), together with appropriate sintering aids.
For sintering, the green samples were heated at a temperature of
1700 °C, where they were kept in a furnace (Thermal Technol-
ogy Inc., Model 1000-3060-FP20) for 3 h in flowing He. After
sintering, the samples were cooled down to room temperature
(with a cooling rate of 3 °C/min). The resulting tubes, shown
in Fig. 1, had dimensions of 40 mm x 12 mm, with a thick-
ness of 3 mm. The Archimedes method was used to measure the
porosities of the supports, and their average pore size was esti-
mated through permeation measurements. Further details about
the sintering characteristics of various SiC powders, and the
preparation and characterization of porous membrane supports
were presented elsewhere [17,23].

The support tubes used in the membrane preparation were
treated in flowing synthetic air at 450 °C (with the purpose of
oxidizing any potential contaminants present), sonicated sev-
eral times in acetone, and then dried prior to membrane film
deposition. The dip-coating solution was prepared by dissolving
10wt% of AHPCS (SMP-10, Starfire Systems, Inc.) in hex-
ane. In order to prepare the slip-casting solution, the 0.6 pm
SiC powder was mixed with acetone, and the lighter particles

Fig. 1. SiC tubular supports sintered at 1700 °C for 3 h.

floating on the solution top were separated and dried. Scan-
ning electron microscopy (SEM, Cambridge 360) observations
of the particles indicated that their size was mostly in the range
of 100-200 nm, which is close to the mean pore diameter of the
support, as obtained from the permeation data (see Section 3.1).
The slip-casting solution consisted of 5 wt% of the SiC particles
intermixed in the dip-coating solution. In our prior paper [17],
the slip-casting solution contained a larger concentration of par-
ticles (10% vs. 5%). We found, however, that decreasing the
concentration of the particles in the slip-casting solution down
to this lower level did not impact adversely the quality of the
final membrane layers using the sacrificial layer approach.

Slip-casting was used to coat the first layer on the outer sur-
face of the support tubes. To prepare this layer, the tubes were
placed in the slip-casting solution for 12 s and, then, drawn out
of the solution at a speed of 0.25 mm/s. The coated tubes were
heated in flowing Ar in a tube furnace (Lindberg/Blue, Model
STF55433C) at a rate of 2 °C/min, first to 200 °C, where they
were kept for 1 h, then to 400 °C, where they were also kept for
1 h, and finally to 750 °C, where they were kept for an additional
2 h. Subsequently, they were cooled down to room temperature
in flowing Ar with a cooling rate of 3 °C/min. The reason for the
relatively slow heating (and holding at 200 °C) is that we have
found [17], as have others [13,15], that using such heating rates
and treatment at lower temperatures result, generally, in bet-
ter cross-linked amorphous SiC materials [15], and membranes
with higher hydrogen permeabilities [13].

Subsequently, the membranes were dip-coated in a solution of
1 wt% of polystyrene (GPC grade, M, =2500, Scientific Poly-
mers Products, Inc.) in toluene. For the PS coating, a dip-coating
time of 12s and a drawing rate of 0.58 mm/s were applied.
After drying the PS layer at 100 °C for 1 h, the membranes were
dip-coated in a 10 wt% of AHPCS in hexane solution, with a dip-
coating time of 12s and a drawing rate of 2 mm/s. In order to
prevent significant dissolution of the formed polystyrene barrier
layer into the AHPCS dip-coating solution, the solvent utilized
for the solution must not dissolve the PS layer neither during
dip-coating nor afterwards. The choice of hexane as the sol-
vent for AHPCS was, therefore, due to polystyrene showing no
substantial solubility in hexane.

Following the coating of the AHPCS solution, the mem-
branes were pyrolyzed at 750 °C for 2h in Ar, following the
same heat treatment protocol used for the preparation of the slip-
casted tubes. A schematic of the preparation process is shown
in Fig. 2. After the pyrolysis, three additional layers of PS and
AHPCS were coated on the support (first the PS layer, followed
by the AHPCS layer, etc.) with the same dipping protocol. After
each dual layer (PS + AHPCS) deposition, the membrane was
pyrolyzed under the same conditions used for the pyrolysis of
the first dual-layer.

After coating and pyrolysis of the final dual-layer, the mem-
branes were treated in flowing synthetic air for 2 h at450 °C, with
the purpose of oxidizing any potential carbon-based residues
resulting from the preparation process (low-temperature air oxi-
dation has been shown to be effective in removing minute
amounts of carbon, for example as a common way for carbon
nanotube purification [24-26]). Though AHPCS has been shown



76 B. Elyassi et al. / Journal of Membrane Science 316 (2008) 73-79

Support

i\

)

N,
;
%

Slip-casting and pyrolysis

a\
N

oI

Dip-coating in polystyrene as sacrificial barrier

Dip-coating in pre-ceramic polymer

Pyrolysis and decomposition of sacrificial interlayer

Fig. 2. A schematic of the new preparation technique.

to result in a SiC ceramic with a near stoichiometric Si:C ratio
[15], one cannot exclude the possibility that after pyrolysis there
may still remain trivial amounts of carbon-based residues, which
may influence overall membrane performance. We showed pre-
viously [17] with AHPCS-derived SiC membranes that the mild
temperature air oxidation results in higher permeances but lower
separation factors. This is an undesirable outcome, of course,
but by oxidizing the SiC membranes in air, prior to their use,
one ensures that no further variation in the membrane prop-
erties will occur due to accidental exposure to air. Moreover,
in the potential use of these materials in membrane reactors
(e.g., in steam reforming of hydrocarbons), if carbon deposits
form during the reaction and affect the membranes, one possible
means of recovering their performance would be by mild temper-
ature air oxidation. Using such an oxidation treatment during the
membrane preparation phase, one can hopefully ensure that no
dramatic changes in the membrane properties will occur during
regeneration.

The morphology of the membranes (top surface and cross-
sections) were characterized by SEM. Permeation experiments
were carried out using a Wicke—Kallenbach type permeation
apparatus previously utilized to measure permeation through
flat-disk and tubular SiC membranes [1,17,23]. In the apparatus
for tubular membranes, one end of the membrane is completely
sealed using graphite tape and high temperature non-porous glue
(J-B WELD); the other end of the membrane is attached to
a flat metal ring using the same glue. The metal ring bearing
the membrane is then installed in between the two half-cells of
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Fig. 3. Permeance vs. average pressure across the membrane for He and Ar.

the permeation test-unit using O-rings. Single-gas permeation
experiments were carried out by flowing a given gas through the
apparatus half-cell facing the membrane dead-end, under con-
stant pressure and temperature, and by measuring the amount of
gas that permeates through the membrane to the permeate side,
which was maintained at atmospheric pressure. In the experi-
ments reported here, the pressure drop across the membranes
was kept at 207 kPa (30 psi), while the temperature was varied
from room temperature to 200 °C. We report the ideal selec-
tivity for the membranes, which is defined as the ratio of the
permeances of the different gases. Mixed-gas permeation tests
were also carried out with select membranes using equimolar
binary (Hy/CHy, and H2/CO») gas mixtures. For the mixed-gas
experiments, in addition to the gas flow to the permeate side of
the membrane, the composition was also measured using a mass
spectrometer.

3. Results and discussion
3.1. Support characterization

As noted above, the porosity of the membrane supports was
obtained by the Archimedes method (details about the technique
and its use for the characterization of SiC macroporous sub-
strates can be found in ref. [23]). The porosities of the various
supports were 26.5 (£1%). For membrane applications, higher
porosity for supports is more desirable, and we are currently
working to increase the porosity of the supports without unduly
impacting their mechanical properties. Fig. 3 shows the mea-
sured He and Ar single-gas permeances for one of the supports.
Clearly, the support is macroporous and the two permeances are
a linear function of P, . One can express the permeance of the
support for species j as (see, e.g., ref. [27])

Nj
Permeance =
AP
1 B, 4 8RT
=———— | —Pu. + Ko (D
ro In(ro/r)RT | 1 3 M ;
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where
e K%
p— 2
T 2B, @
4K,
= 3
= 3)

In the above equations N; is the molar flux of species j (calculated
with respect to the outside support surface), AP the pressure
gradient across the support, r, the support outside radius, r;
the support inside radius, R the universal gas constant, T the
temperature, ¢ the porosity, 7 the tortuosity, © the gas viscosity,
Py, the arithmetic average pressure across the support, M; the
molecular weight of species j, B, the viscous flow parameter,
and K, the Knudsen flow parameter.

Using the permeation data in Fig. 3 and Egs. (1)-(3), we cal-
culate an average pore size of ~130nm for the support (and a
tortuosity of 2); this is within the range of average particle size
measured (from SEM images) of the powder used in our slip-
casting solution (100-200 nm). We expect, therefore, most of
these particles to sit on the top of the support, rather than prop-
agate and be lodged deep into the membrane structure during
slip-casting.

3.2. Membrane characterization and performance

The quality of the membrane support is known to be important
in determining the quality of the membranes that are prepared
using these supports. Large defects in the supports are thought
to lead to defects in the membranes themselves, thus resulting
in low reproducibility in preparing membranes with high sep-
aration factors. Previously, we showed that putting a first layer
on the support by slip-casting improved not only the perfor-
mance of the membranes, but also increased the success rate in
preparing high quality membranes [17]. Therefore, in this study,
we continued placing a first layer by slip-casting as a means of
conditioning the membrane support surface.

In order to gain some insight into what role the sacrificial PS
layer plays in the membrane preparation process, SEM pictures
were taken of the membrane’s cross-section after coating the last
PS layer and before coating the final layer of the pre-ceramic
polymer. A SEM picture of such a cross-section is shown in
Fig. 4, where within the SEM’s resolution one cannot discern a
distinguishable uniform PS top layer on the membrane, mean-
ing that the PS layer is either very thin or that it has potentially
infiltrated inside the porous structure, or both, thus forming a
barrier prior to the deposition of the final AHPCS layer. That the
PS polymer chains would potentially infiltrate into the underly-
ing pyrolyzed AHPCS layer is not totally unexpected since we
selected a PS with a low average molecular weight of 2500 with
a corresponding radius of gyration of ~1 nm [28].

The fact that the PS sacrificial interlayer acts as an effec-
tive barrier is also supported by other experimental evidence.
We observed, for example, that when using the sacrificial inter-
layer technique, the amount of dip-coating solution that is
being uptaken is less than what is used when using the con-
ventional technique without sacrificial layers coated on the

Fig. 4. SEM picture showing the cross-section of a SiC membrane after three
dual (PS + AHPCS) coatings, and one additional coating of PS.

supports, implying, likely, that the presence of the sacrificial
interlayer allows for less AHPCS polymer to infiltrate within
the underlying pores during coating. Using the sacrificial inter-
layer technique, the formation of a visible top SiC layer can be
observed from the beginning of the membrane formation pro-
cess, typically after a couple of coatings. Thicker membrane
films also form, despite the fact that less AHPCS is being uti-
lized. As seen in Fig. 4, the thickness of the membrane layer,
even before the final SiC layer coating, is ~7 wm, which is larger
than the thickness of membranes formed (typically ~2 pm[17]),
without the aid of PS interlayers.

Despite the fact that the new technique prepares thicker mem-
branes, their permeances are significantly higher than those of
the membranes prepared by the conventional technique, as dis-
cussed below. Why this happens is not entirely clear at this point,
since the presence of the PS sacrificial layers implies the onset
of a set of complex phenomena during the membrane prepara-
tion process. For instance, the PS layer has a melting point of
~240°C[29] and its decomposition starts at temperatures higher
than 350 °C [30]; we expect cross-linking of AHPCS to be tak-
ing place within the same temperature range during pyrolysis.
Also relevant here is the recent investigation by Suda et al. [18],

Table 1
Range of single-gas permeances and separation factors, measured at 200 °C, for
membranes prepared by pyrolysis at 750 °C for 2h

He H, Ar
Permeance (x 108 molm~2s~! Pa~1!) 1.8-4.3 1.05-2 0.01
S.F. (gas/Ar) 176465 101-258
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Table 2

Mixed-gas permeation properties of SiC membranes, measured at 200 °C, prepared by pyrolysis at 750 °C for 2h

Hj; permeance (x 108 molm=2s~! Pa—!)

S.F. (H,/CH4)

H; permeance (x 108 molm2s~ ! Pa~!) S.E. (H/COy)

Sample I 1.54 104
Sample II 1.55 117

1.47 93

For the mixed-gas experiments the membranes were exposed to an equimolar mixture of Hy/CHy4 or Hy/CO».

in whose studies PS was used as a pore former (rather than as a
sacrificial barrier layer used in our studies) mixed with regular
polycarbosilane which, unlike AHPCS, needs to be cross-linked
by the addition of chemical cross-linking agents. PS appeared
to actively participate in the formation of the 3D pore structure.
How the AHPCS layer interacts with the PS sacrificial layer dur-
ing pyrolysis, and the impact on the membrane characteristics
definitely need more in-depth research.

The permeation properties of three different single gases
(He, H», and Ar) through the membranes were measured
at 200°C. The range of permeances and the correspond-
ing ideal separation factors are presented in Table 1. The
H; permeance of the membranes, varying in the range
(1.05-2.0) x 108 molm=2s~!Pa~!, is significantly higher
than the H, permeances reported previously with membranes
prepared with the same exact protocol (number of AHPCS
layers, deposition conditions, pyrolysis temperature, etc.) but
without the use of sacrificial PS layers [17]. This is so, despite
the fact, as previously noted, that the thickness of the membranes
prepared by the use of sacrificial layers, is ~3 times larger than
the corresponding thickness of the membranes prepared by the
technique without the use of sacrificial layers. The correspond-
ing ideal separation factors are also significantly higher. For
example, for the He/Ar pair the ideal separation factors varied
between 176 and 465. The He/Arideal separation factor reported
previously was 89 [17].

The permeances of He, H,, and Ar, as a function of tem-
perature, for one of the membranes prepared by the sacrificial
layer method, are shown in Fig. 5. Small molecules, such as
H; and He, permeate through the SiC membranes by activated
transport, while Ar and other molecules with larger kinetic diam-
eters permeate following a Knudsen diffusion mechanism. For
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Fig. 5. He, Hy, and Ar permeance as a function of temperature for a SiC mem-
brane at 207 kPa (30 psi) transmembrane pressure.

He the activation energy for transport is 8.9 kJ/mol, while for
H; the corresponding value is 11.7 kJ/mol, which is close to
the values measured previously [12,17]. As a result, the separa-
tion characteristics of the membranes improve with temperature.
The permeance of Hy at 200°C is 2 x 108 molm=—2s~! Pa~!.
Extrapolated to a temperature of 500 °C, the expected permeance
for Hy should be 6.5 x 1078 molm=2s~! Pa~!. By compar-
ison, Pd and Pd-alloy membranes, around 500 °C, typically
exhibit permeances in the range 10~7-10"® molm—2s~! Pa~!
[31]. However, Pd membranes are known to be sensitive to the
presence of H,S and hydrocarbon impurities; use of Pd-alloy
membranes (e.g., Pd—Ag) also faces challenges for long-term
usage at temperatures significantly higher than 500 °C.

As noted in the introduction, a key potential application for
these SiC-based membranes is in hydrogen production, through
methane steam reforming where such membranes are integrated
in membrane reactors. Another key potential application is in
modern IGCC power generation systems, where such mem-
branes may potentially be useful in producing a CO,-free H»
stream for further use in turbines or fuel cells. The perme-
ation characteristics of two of these membranes towards an
equimolar Hp/CH4 mixture were tested using the experimen-
tal procedure previously outlined, and also described in greater
detail in ref. [17] (the permeation characteristics of one of
the membranes were also tested with an equimolar H>/CO»
mixture). The membranes exhibited good selectivity towards
hydrogen (see Table 2) with Hy/CHy4 separation factors that are
significantly higher than those reported previously with mem-
branes that were prepared without the use of sacrificial PS
layers [17].

4. Conclusions

A new procedure was developed for the preparation of
SiC-based membranes which involves the periodic coating
of sacrificial polystyrene interlayers in between pre-ceramic
AHPCS layers. Applying this technique, we have been able
to prepare membranes with significantly enhanced performance
when compared to the membranes we prepared previously with-
out using sacrificial interlayers. The mechanism by which the
sacrificial PS layers participate in the membrane formation pro-
cess is likely to be very complex. We have selected to form the
sacrificial interlayers using a low molecular weight (~2500) PS
with a corresponding small radius of gyration of ~1nm [28].
The idea here was that the low molecular weight PS chains
would be able to penetrate the underlying —[Si—C]- type pores,
thus preventing the AHPCS chains, during the recoating, from
re-entering these pores. The phenomena are likely to be more
complex, however. As previously noted, the PS layer has a
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melting point of ~240 °C [29], and begins to decompose at tem-
peratures higher than 350 °C [30], where we expect cross-linking
of AHPCS to be also taking place. As noted in the recent study
by Suda et al. [18], PS plays an important role as a pore-former
through the release of various low molecular weight gases but
also, in addition, actively participates during the cross-linking
and 3D pore-structure formation process. It is the ability of
PS to directly influence the 3D structure of the resulting SiC-
based ceramic that makes the technique different from previous
efforts using sacrificial layers [19-22], where the barrier layer
did not directly participate in the zeolite membrane formation
process.

There is still, of course, a lot that is not understood about
the preparation technique, and additional studies are currently
in progress. For example, the thickness of the PS barrier appears
to be a key factor; too thick barrier layers, for example, are unde-
sirable, as they result in peeling of the SiC layer after pyrolysis.
The methodology employing sacrificial barrier layers, such as
polystyrene, which decompose in inert or oxidizing environ-
ments is potentially of general applicability for the formation of
other microporous inorganic thin films and membranes.

Acknowledgements

The support of the U.S. Department of Energy, the National
Science Foundation, and NASA is gratefully acknowledged.
Superior Graphite Co. is acknowledged for kindly providing
us the SiC powders. The authors would also like to thank Mr.
Li-Chung Lai and Mr. Tae Wook Kim for performing the SEM
analysis.

References

[1] RJ. Ciora, B. Fayyaz, PK.T. Liu, V. Suwanmethanond, R. Mal-
lada, M. Sahimi, T.T. Tsotsis, Preparation and reactive applications of
nanoporous silicon carbide membranes, Chem. Eng. Sci. 59 (2004) 4957-
4965.

[2] Y. Takeda, N. Shibata, Y. Kubo, SiC coating on porous y-Al,O3 using
alternative-supply CVI method, J. Ceram. Soc. Jpn. 109 (2001) 305-309.

[3] X. Pages, V. Rouessac, D. Cot, G. Nabias, J. Durand, Gas permeation of
PECVD membranes inside alumina substrate tubes, Sep. Purif. Technol.
25 (2001) 399-406.

[4] B.-K. Sea, K. Ando, K. Kusakabe, S. Morooka, Separation of hydrogen
from steam using a SiC-based membrane formed by chemical vapor depo-
sition of triisopropylsilane, J. Membr. Sci. 146 (1998) 73-82.

[5] K. Kusakabe, Z.Y. Li, H. Maeda, S. Morooka, Preparation of supported
composite membrane by pyrolysis of polycarbosilane for gas separation at
high temperature, J. Membr. Sci. 103 (1995) 175-180.

[6] Z. Li, K. Kusakabe, S. Morooka, Preparation of thermostable amorphous
Si—C—O membrane and its application to gas separation at elevated tem-
perature, J. Membr. Sci. 118 (1996) 159-168.

[7] Z.Y. Li, K. Kusakabe, S. Morooka, Pore structure and permeance of amor-
phous Si—C—O membranes with high durability at elevated-temperature,
Sep. Sci. Technol. 32 (1997) 1233-1254.

[8] L.-L. Lee, D.-S. Tsai, A hydrogen-permselective silicon oxycarbide mem-
brane derived from polydimethylsilane, J. Am. Ceram. Soc. 82 (1999)
2796-2800.

[9] L.-L. Lee, D.-S. Tsai, Synthesis and permeation properties of
silicon—carbon-based inorganic membrane for gas separation, Ind. Eng.
Chem. Res. 40 (2001) 612-616.

[10] C.-L. Chen, D.-S. Tsai, Permeation properties of microporous membranes
prepared via coating of evaporated polydimethylsilane, J. Membr. Sci. 237
(2004) 163-165.

[11] R.A. Wach, M. Sugimoto, M. Yoshikawa, Formation of silicone carbide
membrane by radiation curing of polycarbosilane and polyvinylsilane and
its gas separation up to 250 °C, J. Am. Ceram. Soc. 90 (2007) 275-278.

[12] R.A. Wach, M. Sugimoto, A. Idesaki, M. Yoshikawa, Molecular sieve SiC-
based membrane for hydrogen separation produced by radiation curing of
preceramic polymers, Mater. Sci. Eng. B 140 (2007) 81-89.

[13] H. Suda, H. Yamauchi, Y. Uchimaru, I. Fujiwara, K. Haraya, Preparation
and gas permeation properties of silicon carbide-based inorganic mem-
branes for hydrogen separation, Desalination 193 (2006) 252-255.

[14] T. Nagano, K. Sato, T. Saitoh, Y. Iwamoto, Gas permeation properties
of amorphous SiC membranes synthesized from polycarbosilane without
oxygen-curing process, J. Ceram. Soc. Jpn. 114 (2006) 533-538.

[15] L.V. Interrante, C.W. Whitmarsh, W. Sherwood, H.-J. Wu, R. Lewis, G.
Maciel, High yield polycarbosilane precursors to stoichiometric SiC. Syn-
thesis, pyrolysis and application, Mater. Res. Soc. Symp. Proc. 346 (1994)
593-603.

[16] L.V. Interrante, C.W. Whitmarsh, W. Sherwood, Fabrication of SiC matrix
composites by liquid phase infiltration with a polymeric precursor, Mater.
Res. Soc. Symp. Proc. 365 (1995) 139-146.

[17] B. Elyassi, M. Sahimi, T.T. Tsotsis, Silicon carbide membranes for gas
separation applications, J. Membr. Sci. 288 (2007) 290-297.

[18] H. Suda, H. Yamauchi, Y. Uchimaru, I. Fujiwara, K. Haraya, Struc-
tural evolution during conversion of polycarbosilane precursor into silicon
carbide-based microporous membranes, J. Ceram. Soc. Jpn. 114 (2006)
539-544.

[19] S.Jiang, Y. Yan, G.R. Gavalas, Temporary carbon barriers in the preparation
of Hy-permselective silica membranes, J. Membr. Sci. 103 (1995) 211-218.

[20] Y. Yan, M.E. Davis, G.R. Gavalas, Use of diffusion barriers in the prepa-
ration of supported zeolite ZSM-5 membranes, J. Membr. Sci. 126 (1997)
53-65.

[21] J. Hedlund, J. Sterte, M. Anthonis, A.-J. Bons, B. Carstensen, N. Corcoran,
D. Cox, H. Deckman, W. de Gijnst, P.-P. de Moor, F. Lai, J. McHenry, W.
Mortier, J. Reinoso, J. Peters, High-flux MFI membranes, Microporous
Mesoporous Mater. 52 (2002) 179-189.

[22] J. Hedlund, F. Jareman, A.-J. Bons, M. Anthonis, A masking technique for
high quality MFI membranes, J. Membr. Sci. 222 (2003) 163-179.

[23] V. Suwanmethanond, E. Goo, PK.T. Liu, G. Johnston, M. Sahimi, T.T.
Tsotsis, Porous silicon carbide sintered substrates for high-temperature
membranes, Ind. Eng. Chem. Res. 39 (2000) 3264-3271.

[24] J. Li, Y. Zhang, A simple purification for single-walled carbon nanotubes,
Physica E 28 (2005) 309-312.

[25] S. Osswald, E. Flahaut, Y. Gogotsi, In situ spectroscopy study of oxidation
of doubled- and single-wall carbon nanotubes, Chem. Mater. 18 (2006)
1525-1533.

[26] T.-J.Park, S. Banerjee, T. Hemraj-Benny, S.S. Wong, Purification strategies
and purity visualization techniques for single-walled carbon nanotubes, J.
Mater. Chem. 16 (2006) 141-154.

[27] H.W.J.P. Neomagus, W.P.M. van Swaaij, G.F. Versteeg, The catalytic oxi-
dation of H,S in a stainless steel membrane reactor with separate feed of
reactants, J. Membr. Sci. 148 (1998) 147-160.

[28] K. Huber, S. Bantle, P. Lutz, W. Burchard, Hydrodynamic and thermody-
namic behavior of short-chain polystyrene in toluene and cyclohexane at
34.5°C, Macromolecules 18 (1985) 1461-1467.

[29] J. Brandrup, E.H. Immergut, E.A. Grulke, Polymer Handbook, Wiley, New
York, 1999.

[30] A. Marcilla, M. Beltran, Kinetic study of the thermal decomposition of
polystyrene and polyethylene-vinyl acetate graft copolymers by thermo-
gravimetric analysis, Polym. Degrad. Stab. 50 (1995) 117-124.

[31] K.S. Rothenberger, A.V. Cugini, B.H. Howard, R.P. Killmeyer, M.V.
Ciocco, B.D. Morreale, R.M. Enick, F. Bustamante, I.P. Mardilovich, Y.H.
Ma, High pressure hydrogen permeance of porous stainless steel coated
with a thin palladium film via electroless plating, J. Membr. Sci. 244 (2004)
55-68.



Available online at www.sciencedirect.com

journal of
MEMBRANE
SCIENCE

ScienceDirect

Journal of Membrane Science 315 (2008) 48-57

www.elsevier.com/locate/memsci

Pore network model of transport and separation of binary
gas mixtures in nanoporous membranes

Feng Chen, Rayan Mourhatch, Theodore T. Tsotsis, Muhammad Sahimi *

Mork Family Department of Chemical Engineering & Material Science, University of Southern California, Los Angeles,
CA 90089-1211, USA

Received 21 November 2007; received in revised form 25 January 2008; accepted 4 February 2008
Available online 13 February 2008

Abstract

We develop a pore network model of transport and separation of a binary gaseous mixture through a nanoporous membrane. A three-dimensional
network is used to represent the membrane’s pore space, in which the effective pores’ radius is distributed according to a pore size distribution
(PSD). The connectivity of the pores, as well as the broadness of the PSD, are varied in order to study their effect on the transport and separation
processes. The Maxwell-Stefan equations are used for describing the pore-level transport processes, which include Knudsen and hindered diffusion,
as well as viscous flow. The simulations indicate that Knudsen diffusion is the dominant mechanism of transport in pores as small as 7 A. In smaller
pores it is hindered diffusion that controls the rate of the molecular transport. Excellent agreement is found between the simulation results and
our experimental data for the single-gas permeances and the ideal selectivity of a silicon—carbide membrane for a helium—argon system, if the
thickness of the network and its average pore size are adjusted. The results also indicate the fundamental significance to the permselectivity of a
membrane of the tail of the PSD, as well as the percolation effect which is manifested through the interconnectivity of the pores that are accessible

to the gases.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Equilibrium and nonequilibrium properties of fluids and
their mixtures in confined media are of much current interest.
Examples of such media include nano- and mesoporous mate-
rials, such as catalysts, adsorbents, and synthetic and natural
(biological) membranes (see, for example, [23]). For practical
applications, it is important to understand how transport of mix-
tures occur in the pore space of nanoporous materials. To develop
such understanding, one must have an accurate model of the pore
space, as well as including in the model the correct mechanism(s)
by which molecules and their mixtures are transported through
the pore space.

An important class of porous materials consists of
nanoporous membranes that have been under active investi-
gations, both experimentally and by computer simulations, for
separation of gaseous and liquid mixtures into their constituent

* Corresponding author. Tel.: +1 213 740 2064; fax: +1 213 740 8053.
E-mail address: moe@iran.usc.edu (M. Sahimi).

0376-7388/$ — see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2008.02.005

components, and as potential sensors that can detect trace
amounts of certain chemical compounds. Our group (as well as
others) has been preparing a variety of amorphous nanoporous
membranes for separation of gaseous mixtures, which include
carbon molecular-sieve (CMS) [38-40] and silicon—carbide
membranes [42,8,12,13]. Optimizing the performance of such
membranes, and in particular their selectivity, entails develop-
ing deeper understanding of how transport of gaseous (or liquid)
mixtures through them is affected by the morphology of the pore
space, and in particular its pore size distribution (PSD) and pore
connectivity.

One approach to modelling of gas transport through
nanoporous materials is phenomenological, which relies on
the continuum equations of transport of mixtures. It ignores
important information about the porous material’s morphology,
including its PSD and the interconnectivity of the pores. An
example of such an approach was described in our recent paper
[7].

Due to the small pore sizes, molecular interactions between
the molecules, and between them and the nanopores’ walls, are
important. Therefore, another approach to understanding trans-


mailto:moe@iran.usc.edu
dx.doi.org/10.1016/j.memsci.2008.02.005

F. Chen et al. / Journal of Membrane Science 315 (2008) 48-57 49

port and separation of mixtures through nanoporous materials
has been based on atomistic models of both the molecules and
the materials (for recent reviews see, for example, [14,36]). Most
of such models are based on atomistic simulation of flow and
transport of a fluid mixture through a single nanopore.

In practice, however, the pore space of a membrane layer
(as well as its support) consists of a network of interconnected
pores, the sizes of which are distributed according to a PSD.
The network is typically three dimensional (3D), or quasi-2D
if the membrane layer is thin. As pointed out by, for example,
[37], to accurately model any membrane and the phenomena
that take place there, one must take into account the effect of its
interconnected pore structure. In previous papers [15,44,45] we
carried out atomistic studies of transport, adsorption, and sepa-
ration of several mixtures in 3D atomistic pore network models
of membranes. Such simulations require, however, highly inten-
sive computations [35], which explains why there have been very
few attempts in this direction.

The third approach is based on utilizing pore network models
of porous materials (for reviews and extensive discussions see,
for example, [33,29,31,25,26,16]). Any porous medium can, in
principle, be mapped onto an equivalent network of pore throats
(bonds) and pore bodies (nodes). For brevity, we refer to pore
throats and pore bodies simply as pores and nodes. The pores’
sizes are distributed according to a PSD that can be measured by
a variety of techniques. Since the network’s pores are intercon-
nected, the effect of their connectivity, which greatly influences
transport and separation of molecules through the network, is
also automatically taken into account. Thus, one has a realistic
model of a nanoporous membrane which can be used to study
the effect of a variety of factors on the transport and separation
of gaseous mixtures through it.

In this paper, we develop a pore network model for a
nanoporous membrane that we have prepared in our laboratory
(see below), and study transport and separation of a binary mix-
ture of gases A (argon, Ar) and B (helium, He) through it. The
results are then compared with our own experimental data for
transport and separation of the same binary mixture through
a SiC nanoporous membrane. The model is, however, general
and applicable to a variety of nanoporous membranes, includ-
ing the CMS membranes. The present work represents the first
step toward our long-term goal of developing predictive pore
network models of amorphous nanoporous membranes and the
transport and separation of multicomponent gaseous mixtures
through them.

Although pore network models have been used extensively
in the past (for reviews see, for example, [33,29,31,16]) for
studying transport and reaction processes in porous catalysts
and several other types of porous media, they have not been
used, to our knowledge, for modelling of transport and sep-
aration of gaseous mixtures in nanoporous membranes. [5],
Sotirchos and Burganos, 1988, and [41] did study transport of
multicomponent gaseous mixtures in pore networks, but their
study was in the context of the effective-medium approximation.
[22] used a network model to study gas transport in a bidisperse
porous adsorbent, while [4] used a pore network model to study
Knudsen diffusion of a single gas in porous materials. Knudsen

diffusion in randomly oriented capillary structures was studied
by [6]. An interesting approach to the transport of gaseous mix-
ture through membranes was developed by [18,37,46], based on
combining atomistic simulations and the critical-path analysis
(CPA). The CPA [1] is a technique according to which, for a
sufficiently broad PSD, the transport process is dominated by a
pore of size r¢, such that pores with sizes much larger or smaller
than r. do not make significant contributions to the overall rate
of the transport in the membrane. The original CPA was devel-
oped for hopping conduction in amorphous semiconductors, but
has since been applied to a wide variety of transport processes
in disordered materials (see, for example, [28,29,32]).

The plan of this paper is as follow. In the next section
we describe the pore network model that we used to model a
nanoporous membrane. Section 3 describes the model of mul-
ticomponent gas transport through the network’s pores, while
Monte Carlo simulation of gas transport and separation through
the pore network is described in Section 4. The results are pre-
sented and discussed in Section 5. The paper is summarized in
the last section, where we describe its extension to more complex
mixtures.

2. The pore network model

We represent a nanoporous membrane by a simple-cubic net-
work. The coordination number of the network — the number of
pores that are connected to each node —is six. To study the effect
of the pore connectivity, we also use networks with an average
coordination number Z, which we construct by randomizing the
simple-cubic network. That is, we select at random a fraction py,
of the pores given by

po=1- éZp, ey
and remove them from the network (i.e., we set their radii equal
to zero).

Molecular dynamics simulations of [10,11] indicated that the
transport of fluids in a pore is hardly influenced by its shape,
so long as the correct average radius, transport length, and the
applied pressure (or concentration) gradient are used. Therefore,
the pores are assumed to be cylindrical with smooth internal
surface, to each of which we assign an effective radius. The
pores’ effective radii are distributed according to a PSD f(rp).
We used two PSDs. One, the shape of which is qualitatively
similar to the experimental PSD for many membranes, is given
by

2
f(rp) _ p i’mm2 exp l_l <rp rmm) ] ) (2)
(ra — rmin) 2\ 7a — "min
where r, and ryj, are the average and minimum pore radius,
respectively. 7y 1S set to the molecular size of helium, which
is 0.257 nm. As for r,, we used a value that corresponds to that
of the SiC membrane prepared in our laboratory, but we also

varied r, in order to study its effect (see below) on the results.
Fig. 1 shows examples of the PSD that Eq. (1) generates.
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Fig. 1. Three pore size distributions generated by Eq. (2), with r, = 5 A (con-
tinuous curve), 7 A (dotted curve), and 9 A (dashed-dotted curve).

The second PSD that we utilized was a Gaussian distribution
with the same average pore sizes as those of Eq. (2),

1 (rp — ra)2
frp) = ECXP T2 | 3)

in which we varied the variance o in order to study the effect

of the PSD’s broadness on the results.

3. Pore-level description of transport of
multicomponent mixtures

Transport of multicomponent mixtures in porous materials
consists of a complex set of phenomena that cannot be described
by Fick’s law of diffusion. The modelling is usually based on
the dusty-gas (DG) (model [19]; for a comprehensive review
see, for example, [17]). The DG model itself is based on the
Maxwell-Stefan (MS) equations [43,17], which is an approx-
imation of the Boltzmann’s equations for dilute gas mixtures.
In a membrane in which the pore sizes vary anywhere from a
few angstroms to a few tens of angstroms, the important mecha-
nisms of transport are: (i) Knudsen diffusion, which is dominant
when the collisions between the molecules and the pores’ walls
are important (which is the case when the molecules’ mean-free
paths are larger than the pore radius); (ii) hindered or config-
urational diffusion, which is significant when the pore size is
small enough that A = Rx/rp, the ratio of the molecular size
R; of component k and the pore size rp, is not small; and (iii)
the viscous flow contribution. However, although we included
the contribution of viscous flow in the formulation (see below),
we found that its contribution to the transport process, over the
range of the pore sizes that we consider in this paper, is negli-
gible. Naturally, if we use a broader PSD, then, the contribution
of the viscous flow might become significant, in which case the
pore network model that we have developed takes its effect into
account. Moreover, if there is significant sorption on the pores’
walls, surface diffusion can also be important. However, due to
the particular binary (Ar/He) mixture that we consider in this
paper, the contribution of surface diffusion is negligible.

Therefore, the total flux J in any pore is given by,
J=J"+J° “

where JV and J? are, respectively, the viscous and diffusive
fluxes. If z denotes the axial direction in each pore, JV, the
viscous flux, is given by

JV = —aC. ®)

Here C =[Ca, Cgl", and a = [ZRTr}/Bw)]dC/dz, with z
being the compressibility factor, R the gas constant, 7' the temper-
ature, r, the pore’s radius, p. the viscosity, and C = Ca + Cg.
The diffusive flux JP, according to the DG-MS equations, is
given by

1= -p < ©)
dz
where the entries of the matrix D are given by
Xi . .
—E L# ]
D=9 1 o ™
pET 2 p =)

where DiK is the Knudsen diffusivity of component i, x; the mole
fraction of component &, and Dy, the hindered or configurational
diffusivity of component k. The Knudsen diffusivity is given by,

4 2RT
=2y S ®)

with M; being the molecular weight of component i. The diffu-
sivity Dy is given by

Dy = D (b), (€)]

where A = Ry /rp, with Rj being the molecular size of gas k, D,‘:O
the bulk diffusivity, and #()) a function that has been determined
both theoretically and semi-empirically (for a review see [9]).
DZ° was estimated using the well-known expressions for diffu-
sion coefficients of gases [2]. Hindered diffusion of a single gas
in pore network models of porous materials was studied previ-
ously by [34,27], and [47]. For A < 0.3 [3] derived the follwing
expression,

h(V) = (1 —1.5391 + 1.125 A 1In X + .. )(1 —X)_z, (10)
while for A > 0.9 [20] obtained
h(}) = 0.984(1 — 2)*7. (11)

[21] and [24] proposed a semi-emprirical correlation for /(A)
which is as follows,

(L) = (1 — )21 — 2.104A + 2.0923 — 0.9517). (12)

We used all the above three expressions in our computations.
Assuming steady state, within each pore and for component
i of the mixture one has, VJ; = 0, where J; is the total flux of
component i. We assume that transport in each pore is 1D (so
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that the concentrations represent averages over the pore’s cross-
sectional area) in the axial direction. Therefore, within each pore

one has

dJ; d v D

— == +J7)=0, 13
dz dz i i) (13

where Jl-V and J. iD are given by Eqgs. (5)—(9). Atevery node j of the

pore network, one must have mass balance for each component

of the gaseous mixture:

Zj
Ssp =0, i=1.2 (14)
jl
where J l.(j D is the total flux of component i in pore jl that reaches

node j, S is the cross-sectional area of pore jl, Z is the coordi-
nation number of node j, and the sum is over all the pores jl that
are connected to node j. Egs. (13)nd (14) govern the transport of
a gaseous mixture throughout the nodes and pores of a network.

4. Monte carlo simulation

If we use Egs. (5)-(9), together with Egs. (10)nd (12), to
substitute for Jl-V and JiD in Eqgs. (13)nd (14), we obtain a set
of coupled nonlinear equations that govern the concentrations
C4 and Cp of the two gases in every pore and node of the
network. To solve the equations, we first discretized them using
the finite-difference (FD) approximation. We then numbered the
grid points within each pore from O to n. Then, for a grid point
k inside a pore, we used

dc; it — !
dz 2Az

, 5)

d?¢; ittt —ack+ it
dz2 Az?

; (16)

whereas at the two ends of each pore we used the one-sided FD
discretization,

dc; s —3CY +4¢} - ? an
dz 2Az ’

dc; e —3C 2 pact as)
dz 5 2Az ’

all of which are accurate to O(Az?), where Az is the distance
between two neighboring grid points, with £ being the length
of each pore. We assumed complete mixing in every node of
the network, so that the concentrations at the two ends of each
pore coincide with those in the two nodes that are connected to
the pore. Similar FD approximations were used for discretizing
the equations that govern the gas concentrations in the nodes of
the pore network. Note that, in all the pores for which, rpi, <
p < Rar, only helium contributes to the rate of gas transport,
whereas for r, > Ra; both gases diffuse (and flow). Therefore,
so far as argon is concerned, there is a percolation effect at work,

namely, a fraction g of the pores, given by,

Rar
q= Sf(rp)drp, (19)
"min

cannot be accessed by it. Clearly, if g > p., where p. is the bond
percolation threshold of the network, no macroscopic transport
of argon can take place in the pore network. For a 3D network
of average coordination number Zp, one has [30], p. >~ 1.5/Z,,.
The discretized equations, when written for every grid point
in each pore and for every interior node of the network, yield
a large set of nonlinear algebraic equations that govern the two
gases’ concentrations in the network. The size of the set depends
on the size of the network, and the number of grid points used
inside each pore. If the network contains n nodes, and we use
M grid points inside each pore, then the number of equations
to be solved is of the order of 2N(3M + 1), which requires a
very efficient and accurate numerical technique. To speed up
the computations, we guess the concentration distribution for
one of the gases, say A, throughout the pore network and solve
the set for the concentration distribution of the second gas, B.
We use the biconjugate-gradient method to solve the set. The
solution is then used to obtain a new approximate solution for A.
If it agrees with the initial guess, then the numerical calculations
stop. If not, the new solution is used to obtain a new spatial
distribution of the concentration Cg throughout the network.
The iteration process between Ca and Cp is continued until we
obtain converged solutions for both. The boundary conditions,
used in the macroscopic (z—) direction, are

{ Ca = CreedXA

(20)
CB = CteedXB

for the feed side of the membrane, where Creeq is the total feed
concentration, and

Ca=Cp=0, (21)

for the permeate side (as if a sweep gas is used there). We also
used a no-flux boundary condition (impermeable surfaces) for
the other four surfaces, namely,

J=0. (22)

We used networks of size L, x L, x L;, where L, is the
thickness of the network (feed-to-permeate side), and Ly, Ly,
and L, are measured in units of ¢, the length of the pores
(assumed to be the same for all the pores). In most of the calcu-
lations we used Ly = Ly = 30, but also investigated the effect
of the thickness on the results (see below). We also made several
realizations of each network, and averaged the results over all
of them. The molecular sizes of He and Ar were taken to be,
respectively, Ryge=0.257 nm and Ra;=0.343 nm.

Let us point out that, the pore space of a real membrane has a
very large number of pores. Modelling such a pore space using
a pore network with the appropriate PSD, porosity, and about
the same number of pores as that of a real membrane is very
difficult, if not impossible. In our simulations, we use a large
network (see above) and maintain realistic values for the pore
sizes. If the network’s thickness and the number of pores L, in
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the macroscopic direction are specified, the length £ of the pores
is easily estimated. At the same time, as mentioned above, we
also generate many realizations of the network, and average the
results over all of them. Moreover, the macroscopic properties
of pore networks become independent of their linear size (see
also below), once they are larger than a certain size.

For each component i we compute the total flux J; in the
macroscopic (z—)direction. The permeability K; of component
i is then given by,

Ji

T APJL, 23)

1
where A P; = x; A P is the partial pressure drop for component i
in the macroscopic direction, with x; being its mole fraction, P =
Cteed ZRT the pressure imposed on the system on the feed side,
and L, the pore network’s thickness. The dynamic selectivity,
or the separation factor, S is defined by,

_ KHe

S = .
Kar

(24)

Since, Kyge > Kar, one has, S > 1. We also carried out single-
gas calculations, i.e., studied the case in which each of the two
gases was transported in the network alone, in order to compute
their permeabilities K and the ideal separation factor,

KO
Si=—%c. (25)
KAr
The goal is to see whether S; and S are equal.
5. Results and discussion

We first describe the single-gas results for the case in which
Eq. (2) represented the PSD of the pore network. We then
describe and discuss the results for the binary gas mixture, com-
puted using both PSDs (2)nd (3). Unless otherwise specified, all
the results presented are for L, = 30.

5.1. Results for transport of single gases

Shown in Fig. 2 are the permeances of He and Ar, obtained
with single-gas simulations. The pore network’s connectivity
is Z, = 6. The He permeance is virtually unaffected by the
decreases in the average pore size, since the minimum pore size
is the molecular radius of He and, therefore, all the pores are open
and accessible to He. In contrast, the Ar permeance decreases
by a factor of about 5 when the average pore size decreases by
a factor of about 2. The reason is the percolation effect, which
we now describe in more details.

The percolation effect is demonstrated in Fig. 3 where we
present the fraction g of the pores that are smaller than the molec-
ular size of argon [see Eq. (19)] and, hence, are inaccessible to
it. As the average pore size decreases, the fraction of pores that
are inaccessible to Ar increases rapidly. For a pore network with
an average pore size r,=0.375 nm, the fraction g of the pores
that are inaccessible to Ar is, g > pc =~ 0.25, where p. is the
bond percolation threshold of the simple-cubic network that we

1.2

1.0 .“:——u.-d—r—_"__'—:ﬁ-__‘__""ﬂ__%ﬁ_ -

& —.

0.8 4

044 —w—He (mixed gases) n
+—He (single gas)
Ar (mixed gases)

Premeanc x101 (molm?2-Ps-s)

024 _y— Ar(single gas) T
—Y
.
—r
0.0 ¥ d T d T T T T T
0.5 0.6 0.7 0.8 0.9

Average pore size (nm)

Fig. 2. Comparison of the single- and mixed-gas permeances and their depen-
dence on the average pore size. The PSD is given by Eq. (2), and the connectivity
is Z, = 6.

used in the simulations. The bond percolation threshold is the
minimum fraction of the open pores for macroscopic transport
[30]. Therefore, for a pore network with an average pore size,
r,=0.375 nm (which is larger than the molecular radius of Ar
which is 0.343 nm), there is no sample-spanning cluster of the
pores that are accessible to Ar and, hence, the pore network is
effectively closed to argon.

Fig. 4 presents the dependence of the gases’ permeances on
the thickness L, of the network. If we keep the cross-sectional
area of the network constant, but increase its thickness, the per-
meance of the two gases decreases by about the same factor.
The reason for the decrease in the permeances is again due to
the percolation effect. Increasing the thickness while keeping
the cross-sectional area constant implies that the pore network
becomes elongated. As L, increases, the network resembles
increasingly a two-dimensional system (with lower connectiv-
ity), and it is well-known [31] that reducing the dimensionality
and connectivity of a network results in reduced permeances.

*
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Fig. 3. Dependence of the fraction ¢ of the pores that are closed to Ar, on the
average pore size. Squares and circles denote, respectively, the results with Eqgs.
(2)nd (3).
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Fig. 4. Dependence of the permeances of the single gases on the network’s
thickness. The PSD is given by Eq. (2), the average pore size is 0.8 nm, and the
connectivity is, Z, = 6.

Since the two permeances decrease by about the same factor,
the ideal selectivity remains independent of the thickness. Thus,
it is the average pore size (and, hence, the percolation effect)
that influences the selectivity and permeances.

The dependence of the ideal selectivity on the average pore
size is shown in Fig. 5. Consistent with the results shown
in Fig. 2, the selectivity increases as the average pore size
decreases. Since the ideal selectivity of the pore network is inde-
pendent of its thickness L., we assume that the network has the
same thickness L, as that of the SiC membrane prepared in our
laboratory. Thus, adjusting L, to be about 1.6 um, Fig. 2 then
indicates that, with an average pore size of 0.8 nm, the perme-
ances of the two gases are (in mol/m2Pas), Kye >~ 1.0 x 1077
and, Kar >~ 1.0 x 1078. The experimental values of the two per-
meances for the SiC membrane are precisely the same [7]. In
effect, this is a two-parameter fit of the data, but needs further
checking, which is provided by Fig. 5. This figure indicates
that, with an average pore size, r, = 0.8 nm, the ideal selectiv-
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Fig.5. Comparison of the ideal and mixed-gas selectivities and their dependence

on the average pore size. The simulations parameters are the same as those of
Fig. 2.
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Fig. 6. Dependence of the gases’ permeances in the binary mixture on the
average pore size. The PSD is given by Eq. (2), and the connectivity is Z, = 6.

ity is about 10, the same as our experimental data for the ideal
selectivity of the nanoporous SiC membrane [7].

5.2. Results for the binary mixture

All the results for the binary mixture were computed for the
mole fractions, xge = xar = 0.5. We also assumed that the net-
work thickness is, L, = 1.6 um. Fig. 6 presents the effect of
the average pore size r, on the permeance of the two gases in
their mixture. The connectivity of the pore network was fixed at
Z, = 6. In all the cases, the He permeance is about one order
of magnitude larger than that of argon. As the average pore size
decreases, so also does the permeance to argon, becoming very
small for small r,, while the He permeance remains more or less
constant over much of the range of r,. Similar to the single-gas
results, the near constancy of the He permeance is due to the
fact that, so long as the pore sizes are larger than the molecular
size of He, there is always a percolating path for helium to flow
through the network, whereas the same is not true for Ar.

90
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0.4 0.5 0.6 0.7 0.8 0.9
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Fig. 7. Dependence of the selectivity of the pore network on the average pore
size. The PSD is given by Eq. (2), and the connectivity is Z, = 6.
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Fig. 8. Effect of pore network connectivity on the gases’ permeances in their
binary mixture. The PSD is given by Eq. (2) with an average pore size, r, =
0.8 nm.

The corresponding selectivities S are shown in Fig. 7. As
one might expect, decreasing the average pore size increases the
selectivity, as Ar finds it increasingly more difficult to find a
percolating path of the accessible pore to pass through the pore
network. Fig. 7 indicates that, for r, = 0.8 nm — which is what
we identified (see above) to be about the same as the average
pore size of our SiC membrane — the selectivity is about 10.3,
which is essentially identical with the ideal selectivity of the
pore network, as well as that of the membrane.

How do the results for the binary mixture compare with those
for the single gases? Figs. 2 and 5 compare the gases’ perme-
ances in the mixture with those of the single gases alone, as well
as the selectivity for the binary mixture with the ideal selectivity.
There is virtually no difference between the permeances for the
two cases. As a result, the actual and ideal selectivities, defined
by Egs. (24)nd (25), are also virtually identical. This result is
presumably due to the fact that He and Ar do not interact with
each other, and do not also adsorb on the pores’ surface. As
a result, the presence of one gas does not strongly affect the
transport of the other.

Next, we studied the effect of the connectivity Z, on the per-
meance and selectivity. Fig. 8 presents the results. The average
pore size has been fixed at r, = 0.8 nm. The He permeance is
much more affected by the average connectivity than that of
Ar because, as discussed above, for a fixed connectivity all the
pores are larger than the molecular size of He and, therefore,
all the pores remain open to it. It is only through reducing the
connectivity, i.e., setting the size of some pores to zero (or to a
value smaller than the molecular size of He) that He begins to
experience the percolation effect and Kpe starts to decrease. In
contrast, as discussed above, since a fraction g of the pores, given
by Eq. (19), is always closed to argon, the loss of connectivity
has a much weaker effect on K.

The corresponding dependence of the selectivity on the con-
nectivity is shown in Fig. 9. Consistent with Fig. 8, as the
connectivity decreases, so also does the selectivity, because
reducing the connectivity makes it more difficult for He to pass
through the network, while it affects the transport of Ar in a
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Fig. 9. Dependence of the selectivity on the pore network connectivity. The PSD
is given by Eq. (2) with an average pore size, r, = 0.8 nm.

much weaker way. Note that for a connectivity of 6, the selec-
tivity is about 10.2, about the same as the experimental value
for the ideal selectivity of both the pore network and the SiC
membrane, which is 10. This represents further confirmation of
the accuracy of the two-parameter fit of the single-gas results to
the experimental data. All the single-gas simulations were car-
ried out for a network connectivity of 6, and the selectivity for
the binary gas mixture with an average pore size of 0.8 nm and
connectivity 6 is also about 10.2. Thus, we may conclude that,
not only is the model self-consistent, but also that the average
connectivity of the membrane is about 6.

Next, we study the effect of the network’s thickness L, on
the results. Fig. 10 presents the dependence of the two gases’
permeances on L.. The mean pore size is r, = 0.8 nm, and the
connectivity, Z, = 6. Both permeances decrease by a factor
which is a little over 2, as the thickness is also increased by about
the same factor. The reason for the decrease in the permeances
is, once again, the percolation effect: increasing the thickness,
while keeping the cross-sectional area constant, has the effect
of reducing the effective dimensionality of the network. In fact,
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[9)] [s:]
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0 T T T T T
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Fig. 10. The dependence of the gases’ permeances in their binary mixture on
the thickness of the pore network. The PSD is given by Eq. (2) with an average
pose size, r, = 0.8 nm. The connectivity is Z, = 6.
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if L, becomes large, the network becomes effectively 2D with
reduced connectivity, and as is well known [31], the effective
permeability of 2D porous materials with reduced connectivity
is smaller than that of 3D materials, even if they both have the
same PSD. As a result, selectivity remains essentially indepen-
dent of the thickness, since the gases’ permeances decrease by
roughly the same amount as the network thickness increased.
How can we separate the contributions of the three mecha-
nisms of transport of the gases (Knudsen and hindered diffusion,
and viscous flow), in order to understand the significance of
each? As mentioned above, our simulations indicated that the
contribution of viscous flow to the overall rate of the transport
is negligible. Therefore, in what follows we do not discuss the
effect od viscous flow any further. To discern the contributions
of Knudsen and hindered diffusion, we carried out a series of
simulations in which only hindered diffusion was included in
the computation; Knudsen diffusion was eliminated altogether.
The results for the permeances and selectivity are presented in
Figs. 11 and 12. The network connectivity was Z, = 6. A com-
parison between Fig. 11 and Figs. 2 and 6 indicates a drastic
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Fig. 12. The selectivities that correspond to the permeances shown in Fig. 11.
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Fig. 13. Same as in Fig. 11, except that the PSD is given by Eq. (3). The standard
deviation of the distribution is, o = 0.02, and the pore network connectivity is
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difference between the two sets of results. When both Knud-
sen and hindered diffusion contribute to the transport of the two
gases (Figs. 2 and 6), there is an order of magnitude difference
between the permeances of the two gases, whereas with hin-
dered diffusion alone (Fig. 11) the two permeances follow very
similar dependence on the mean pore size. Moreover, with hin-
dered diffusion alone, the gases’ permeances are significantly
larger than the case when both Knudsen and hindered diffusion
contribute to the transport process. As a result, the selectivity for
the binary mixture remains low when only hindered diffusion is
the main mechanism of gas transport process, given the PSD, r,
and Z;, values that we used. Note that, as Fig. 12 indicates, even
when the average pore size is about 0.35 nm, the selectivity is
only about 6.

This rather surprising result can be explained based on the
percolation effect. According to Eq. (19) and Fig. 3, when the
average pore size is 0.8 nm, over 90% of all the pores have a
size larger than the molecular size of argon, if the PSD (2) (see
Fig. 1) is used. This is due to the long tail of the PSD (2), which
gives rise to a significant number of relatively large pores. Under
such conditions, it is Knudsen diffusion which is the dominant
mechanism of gas transport and, therefore, in its absence the
selectivity is low. Only when the average pore size decreases
to very low values, and the percolation effect begins to have a
strong influence on the Ar transport, do we see a mild rise in the
selectivity, shown in Fig. 12.

To understand this better, we used the Gaussian PSD given
by Eq. (3), and carried out a series of simulations in which only
hindered diffusion contributed to the transport of the gases in the
network. We used a standard deviation, 0 = 0.02 nm, and a con-
nectivity Z, = 6. Due to the symmetry of the distribution, there
are as many pores with r, < r, as there are with r, > r, and,
therefore, the effect of the long tail of the PSD (2) is eliminated.
The results are shown in Figs. 13 and 14. As Fig. 13 indicates,
there is a larger difference between the two permeances than
what is indicated by Fig. 11. Moreover, as Fig. 14 indicates, as
the average pore size is reduced to 0.35 nm, the selectivity rises
sharply to about 20, which is in contrast with Fig. 11.
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These results indicate that: (i) Knudsen diffusion is still very
important in pores as small as 7 A; (ii) the tail of the PSD distri-
bution has a strong effect on the separation process; and (iii) the
percolation effect, manifested through the connectivity of the
accessible pores, plays a role in a membrane’s selectivity which
is at least as important as that of the PSD.

6. Summary and conclusions

A three-dimensional pore network model was developed for
studying transport and separation of a binary gas mixture through
ananoporous membrane. The sizes of the pores were distributed
according to a PSD, for which we used two different distribu-
tions. The connectivity of the network and its thickness were
also varied in order to study their effect on the transport of the
gases. Knudsen and hindered diffusion, as well as viscous flow,
were included in the model as the mechanisms of mass trans-
port, although our simulations indicated that the contribution of
viscous flow, over the range of the pore sizes that we considered,
is negligible. However, with a broader PSD and larger pores, the
effect of viscous flow may become important, in which case the
model can take its effect into account.

It was demonstrated that, provided that the network is large
enough, adjusting the thickness of the network and its average
pore size — a two-parameter fit of the simulation result — provide
estimates for the permselective properties of the network that are
in excellent agreement with the experimental data. Moreover, the
model demonstrates the fundamental importance of two factors
to the permselectivity of amembrane, namely, the tail of the PSD,
and the percolation effect manifested through the connectivity
of the pores that are accessible to the gas molecules. In addi-
tion, the results indicate that Knudsen diffusion is the dominant
mechanism of gas transport in pores as small as 0.7 nm.
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Abstract

Preparation of asymmetric nanoporous silicon-carbide membranes using chemical-vapor infiltration/chemical-vapor deposition (CVI/CVD) is
described. We use macroporous SiC disks and tubes as supports, and tri-isopropylsilane as the precursor. Experimental data for the permeation
and selectivity of the membranes are presented. We also develop two dynamic models to describe the preparation of the membranes. The
models are shown to provide accurate predictions for the experimental data for the permeation characteristics of the membranes, as a function

of the preparation conditions.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Inorganic membranes have been attracting much attention for
industrial separations of mixtures into their constituent com-
ponents, since they can be effective at the high temperatures
at which the polymeric membranes are not capable of func-
tioning (see, for example, Sanchez and Tsotsis, 2002). As a
result, considerable efforts have been devoted in recent years
to producing high-temperature ceramic (alumina, silica, and
zeolite) and metal (Pd, Ag, and their alloys) membranes, which
exhibit much improved properties over the polymeric mem-
branes. They have, however, proven, unsatisfactory in terms of
their performance and/or material stability in high-temperature
applications, particularly in the presence of steam.

Over the past few years, we have been developing a new
inorganic membrane which overcomes such difficulties. It is
made of silicon carbide, a promising material with high fracture
toughness and thermal shock resistance, which is also capable
of withstanding high temperatures and corrosive environments.
Various aspects of preparation of such membranes have been
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reported by our group (Suwanmethanond et al., 2000; Ciora
et al., 2004; Elyassi et al., 2007a, b), as well as others (for brief
reviews see, for example, Elyassi et al., 2007a, b). Two distinct
approaches may be used to prepare SiC membranes. One is
based on the use of chemical-vapor infiltration (CVI)/chemical-
vapor deposition (CVD), while the second one utilizes pyrolysis
of a polymeric precursor. The first method has been used by
several groups. For example, Takeda et al. (2001) prepared SiC
membranes by the CVI using SiH,Cl; and C,Hy, diluted with
H», and y-Al, O3 tubes as supports. Sea et al. (1998) prepared
a SiC membrane using an o-alumina tube as the support, and
used CVD of (C3H7)3SiH at 700-800 °C.

Our group was the first (Ciora et al., 2004) to report prepara-
tion of nanoporous SiC membranes using the CVD technique.
We utilized tri-isopropylsilane (TPS), (C3H7)3SiH, as the pre-
cursor to form the SiC nanoporous layer on porous alumina
substrates. The membranes were characterized for their per-
meance, selectivity, and hydrothermal stability. Depending on
the preparation conditions, their He permeance ranged from
8 x 1078 to 1.7 x 107% mol/m? s Pa, with a He/N, selectivity
ranging from 4 to larger than 100. More recently, we have pre-
pared improved nanoporous SiC membrane using the technique
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of sacrificial layers (Elyassi et al., 2007b) and have obtained
membranes with very high selectivity.

In this paper we report the results of our ongoing inves-
tigations of the preparation of asymmetric nanoporous SiC
membranes using CVI/CVD of the TPS. We utilize porous
SiC disks and tubes as the supports (Suwanmethanond et al.,
2000). Using SiC porous substrates, instead of such materi-
als as porous alumina, to prepare the nanoporous membranes
minimizes difficulties that may potentially arise due to the
mismatch in the thermal expansion coefficients between the
thin membrane layers and the underlying porous support. The
current focus of our work is on understanding the CVI/CVD
processes themselves, and the effect of the various preparation
parameters that determine the rate of deposition of the SiC film,
and the transport characteristics of the resulting membranes.
A better fundamental understanding of the various physico-
chemical processes that take place during formation of the SiC
film is of vital importance to optimizing the preparation con-
ditions and controlling the final characteristics of the resulting
membranes.

The present work combines theory and experiments in or-
der to study the various phenomena that take place during the
membrane formation. We describe the development of dynamic
models of the membrane fabrication process, for both the disk-
shaped and tubular membranes, using the CVI/CVD technique,
which we show to properly account for the reaction, fluid me-
chanics, and the transport processes that take place inside the
reactor and membranes. As described below, the numerical so-
lutions of the models correctly predict key characteristics of
the membranes, such as their permeance and the evolution of
their porosity as functions of the deposition time and other ex-
perimental conditions.

Considerable efforts have been devoted in the past to mod-
elling of the CVD process of solid materials inside porous
substrates. For example, Lin and Burggraaf (1991) devel-
oped a phenomenological continuum model for the CVI/CVD
preparation of reinforced ceramic-matrix composites. Tsapatis
and Gavalas (1992) developed a model in order to describe
reaction and diffusion in, and evolution of, a porous struc-
ture made of porous Vycor tubes during deposition of silica
and alumina by the CVD process. Lin and Burggraaf (1992)
and Brinkman et al. (1993) developed models for the anal-
ysis of the fabrication of various ceramic membranes by
the CVD process. Jensen et al. (1991), Komiyama et al.
(1999), and Dollet (2004) reviewed the state-of-the-art of
the modelling of the CVD processes for the growth of thin
films.

The rest of this paper is organized as follows. In the next
section we describe the preparation of the disk-shaped and
tubular SiC membranes and present the experimental data.
Section 3 describes a dynamic model for the phenomena that
take place during preparation of the disk-shaped membrane by
the CVI/CVD and presents its predictions for the permeance of
argon through the membrane, while Section 4 does the same,
but for the tubular membrane. The paper is summarized in
Section 5, where we also describe possible future directions in
this area of research.

2. Preparation of the membranes

Fig. 1 presents the schematic of our CVI/CVD apparatus. In
the experiments we utilized SiC porous disks with a diameter of
1.2 cm and thickness of 0.2 cm as the support for the membrane
preparation. The disks had an average pore size (radius) of
28 nm and were prepared by the techniques described in an
earlier paper (Suwanmethanond et al., 2000). We also used
5 cm-long tubular supports, the outside and inside diameters of
which were, respectively, 1.27 and 0.63 cm.

Prior to using the supports for membrane preparation, they
were treated in flowing air at 450 °C, in order to remove any
excess carbon that could be present. The TPS (purchased from
the Aldrich Company) was used without any further purifica-
tion. Ultra-high pure Ar and He (both with 99.999% purity)
were used as the carrier gases, and their flow rates were con-
trolled by mass-flow controllers (Brooks 5850E). The diameter
and length of the hot-wall CVI reactor, shown in Fig. 1, were,
respectively, 3.8 and 73 cm, with the length of the hot zone be-
ing 20 cm. Prior to the deposition, the porous support disk was
sealed on top of a quartz tube (1 cm ID) using a glass pow-
der (No. 7740, purchased from the Corning Company) as the
sealant. The quartz tube, with the SiC on its top surface, was
then coaxially inserted into the center of the reactor, and the
two were connected with the aid of a Cajon™ Utra-Torr fitting.
A ceramic cylindrical heater was used to heat up the reactor
with the temperature being controlled by an OMEGA controller
(CN 9000). A syringe pump (Harvard, PHD2000) was used to
inject the TPS precursor into the carrier gas at a pre-determined
rate. The feed lines from the pump to the furnace were heat-
traced and kept at 140 °C at all times, in order to ensure that the
TPS was in the vapor phase before entering the reactor. In the
experiments reported here, the pressure inside the larger tube
(the reactor) was kept constant at ~ 1.2 atm, while the pres-
sure of the inside (quartz) tube was kept at ~ 1.0 atm, both
of which were monitored with the aid of pressure (or vacuum)
gauges. The reactor and the quartz tube could also be operated
under vacuum conditions with the aid of mechanical pumps.
The flow rate of the TPS was varied between 1 x 1078 and
5 x 1078 mol/s, while the Ar flow rate changed from 2 x 107>
to 9 x 107> mol/s. The deposition time was between 5 and 30 h.

The membrane characteristics—permeance and permselect-
ivity—were measured on-line during the CVI/CVD processes.
In the temperature range, 760-800 °C, the Ar permeance, K ar,
varied from 4 x 1078 to 1 x 107%mol/Pasm?. Figs. 2 and 3
present the typical data obtained with one of the SiC disks with
an initial porosity of &g =0.3 which, prior to the deposition, had
an Ar permeance of 1.8 x 1077 mol/Pasm?. In these experi-
ments the flow rate of the TPS was set at 4.3 x 1078 mol/s, and
the deposition temperature in the hot zone at 1033 K. The per-
meances of Ar and He, measured in situ during the CVI/CVD
deposition experiments, are shown in Fig. 2. During the first
13 h of the experiment, the permeances of both He and Ar de-
creased as the deposition proceeded. However, the He perme-
ance decreased more slowly than that of Ar and, as a result, as
shown in Fig. 3, the ideal selectivity, S = Kye/Kar, increased
steadily. This behavior may be explained as follows. Since the



1462 F. Chen et al. / Chemical Engineering Science 63 (2008) 1460—1470

Mass Flow Controller

Injection pump

Heating Tape

LTI

Ceramic Heater

Fig. 1. Schematic of the apparatus used for the preparation of the disk-shaped membrane.
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Fig. 2. Dependence of the gases permeances on the deposition time in the
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disk is a mesoporous material at the beginning of the exper-
iments, Ar and He were both transported by Knudsen diffu-
sion. As the TPS decomposed into SiC and gradually filled the
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Fig. 3. Ideal selectivity of the disk-shaped membrane as a function of the
deposition time.

membrane pores, the average pore size decreased, which re-
sulted in decreasing the permeance for both He and Ar. Since He
is the smaller of the two molecules, it can penetrate through a
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Fig. 5. Dependence of the gases’ permeances on the deposition time in the
tubular membrane.

larger fraction of small unplugged pores than Ar, by an activated
diffusion mechanism and, therefore, plugging of the pore space
affected its permeance less than that of Ar.

The experiments for the preparation of the tubular membrane
were similar to those for the pellet membrane described above,
except that the reactor geometry was different. Fig. 4 presents
the schematic of the apparatus used in the experiments.

Fig. 5 presents the permeance of Ar and He in the tubular
membrane, as the deposition proceeded. During the first 22 h the
two permeances decreased with the deposition time, after which
they became stable and constant. Another way of seeing this is

Deposition time x 10 (s)

Fig. 6. Ideal selectivity of the tubular membrane as a function of the deposition
time.

by inspecting how the membrane’s ideal selectivity varies with
the deposition time. This is shown in Fig. 6 which indicates that
the selectivity became constant after about 22 h. The selectivity
of the tubular reactor, which is about 10, is similar to that of the
disk-shaped membrane shown in Fig. 3, hence indicating that
the two different sets of experiments and different geometries
actually follow the same mechanisms of SiC deposition and
formation of the membranes’ nanopore space.

Fig. 7 presents the temperature dependence of the He and
Ar permeances in the tubular membrane. Raising T from the
room temperature to about 750 °C changes the He permeance
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only slightly, which is indicative of the dominance of the ac-
tivated diffusion. On the other hand, the Ar permeance, which
has a kinetic diameter larger than that of He, increased as
the temperature decreases, which is indicative of the signifi-
cance of Knudsen diffusion. As Fig. 8 indicates, a plot of the
Ar permeance versus 1/ VT produces a straight line, the ex-
pected behavior for the temperature dependence of the Knudsen
diffusion.

3. Theoretical modelling and computer simulation of the
CVI/CVD preparation of the disk-shaped membranes

Fig. 9 presents the schematic of the phenomena that are likely
to occur during the formation of the SiC membrane (Kusakabe

et al., 1996). The TPS is carried by Ar into the support’s pore
space, where it reacts to form SiC on the pores’ surface which
gradually shrinks the pores and reduces the membrane’s per-
meance. Our own experiments, as well as those of several other
groups, indicated that the gas-phase reaction is insignificant.
For example, Boo et al. (2000) found a very high sticking coef-
ficient for the SiC source growth on the SiC substrate. Park et al.
(2000) and Valente et al. (2004) reported that the SiC surface
has a very strong reaction potential for the SiC source. There-
fore, we assume that the main reaction occurs on the pores’
solid surface.

A gas is transported through a porous membrane by four
main mechanisms, namely, molecular, Knudsen, and hindered
or configurational diffusion, and viscous flow. In principle, sur-
face flow might also play a role in transport through very small
pores. It is very difficult, however, to quantify the effect of
surface flow without introducing several empirical parameters.
Moreover, in small pores where the ratio of the molecules and
the pores’ sizes is close to 1, it is difficult, and indeed not clear,
how to distinguish surface flow from hindered transport that
we include in the modelling. Therefore, we ignored the effect
of surface flow.

Molecular diffusion and viscous flow occur only in large
pores. Since the support that we used has an average pore size
which is smaller than the mean-free paths of He and Ar, we
only include hindered and Knudsen diffusion in our model.
Because the disk’s radius is much larger than its thickness, a
one-dimensional (1D) system should suffice for modelling the
phenomena. Thus, the continuity equations for two species A
and B are given by

Olep(q)Cal | Og O [ep(g) = OCa

ot ot _az[ : Deay ] M)
Olep(@)Cpl 0 [eplq) 0Cp

ot _&[ . Des az] @

Here, C 4 represents the molar concentration of the intermediate
species responsible for the SiC growth, Cp the molar concen-
tration of the carrier gas (Ar), ¢,(q) the local porosity with ¢
being the amount of deposited SiC (mol Si/m?), and  the tor-
tuosity factor. We assume that while the local porosity changes
as a result of the SiC deposition, the tortuosity factor remains
invariant.

The effective diffusivity for both species A and B is given by

1 1 1

. Dn’ 3)

D. Dk
where Dk and Dy represent, respectively, the Knudsen and
hindered diffusivities. In general, the expression that relates D,
to Dx and Dp is more complex than Eq. (3), and involves the
concentrations (or mole fractions) of the gases in the mixture
(Chen et al., 2007). We find, however, that Eq. (3) provides
adequate estimates of D, (see below). The Knudsen diffusion
coefficient of B (Ar) is described by

1/2
Dy = S, (KL )
3P\ 2nMp,
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Fig. 9. Schematic of the deposition process, and shrinkage and plugging of the membrane’s pores (after Kusakabe et al., 1996).

where T'is the temperature, R, the gas constant, M, the molec-
ular weight of Ar, and R, the pore size which is described by

R _w@ )
R2, & 0
po P

Here, R0 and ¢ are the initial pore size and porosity of the
substrate, prior to deposition. The Knudsen diffusivity of A is
given by an equation similar to Eq. (4), written down for the
reactants. The local porosity ¢, (¢) that appears in that equation
varies as a function of the deposition process according to the
following equation:

Msic

ep(q) =&po — B (6)
where Msic and p are, respectively, the molecular weight and
density of SiC.

The hindered diffusivity is usually written as

Dy = Doo f(4)s )

where / is the ratio of the molecules’ radius and the pore
size, and D, the bulk diffusivity. Several theoretical and
semi-empirical expressions have been proposed in the past.
For A< 0.3, Brenner and Gaydos (1977) derived the following
expression:

FG)y == -3 2" —1.5390+ ). 8)

For 2 >0.3, we used the semi-empirical expression due to
Renkin and co-workers (Pappenheimer et al., 1951; Renkin,
1954)

F)=(1—=2)*(1 —2.104% +2.092° — 0.952%). )

The bulk diffusivities were computed using the known relations
for the diffusivity of gases (Bird et al., 2007).

We must now specify an expression for the rate of deposition
of SiC. We assume that the rate is described by the following
equation (Chang et al., 1997; Yamaguchi et al., 2000; Beyne
and Froment, 2001; Birakayala and Evans, 2002):
0q

&= KaCaai(e), (10)

which is consistent with the assumption of having a high stick-
ing coefficient for the SiC precursor on the pore surface of the
SiC membrane. Here, K; is an effective deposition rate con-
stant, ¢, the local internal pore surface area per unit volume,
which depends on the porosity &,(g), and 1 the surface reaction
exponent. We also assume that (Beyne and Froment, 2001)

oy = Aep()'", (11)

where A is a constant, and n = 2 for a pore space consisting of
(parallel) cylindrical pores (n = % if the pore space consists of
spherical cavities).

Therefore, putting everything together, we obtain the follow-
ing set of equations that govern the evolution of the system:

a[gp(Q)CA] . n2 _ 3 ep(q) 0Cyx
S KCanp @)= o | D | (12)
Olep(q)CB] _ O &p(q) 0Cp
ot T 0z |:DEB T 0z i|’ (13)
a‘"’g(‘” = Msick o e @, (14)
t p

where K = AK ;. The parameters K and 5 are used to fit the
results of the numerical solution of Egs. (12)—(14) to our ex-
perimental data. In a series of preliminary simulations, we also
treated the molecular weight of the reactants A as a fitting pa-
rameter. However, the fitted molecular weight turned out to be
about 150, very close to that of the TPS which is 158 which,
interestingly, implies that the reactant reaches and penetrates
the pores nearly intact. Thus, we set the molecular weight of
the reactants A to be the same as that of the TPS and did not
treat it as an adjustable parameter.

To solve Egs. (12)—(14), we used the following initial con-
ditions, which are consistent with the way the deposition ex-
periments were carried out. At ¢ =0 and for |z] <zg, we set

Ca=0, Cp=Cpi2) (15)

and

(@) = 570, 6)
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where Cp;(z) is computed by solving the steady-state form of
Eq. (13) prior to the deposition, i.e., Cp;(z) is the solution of
the following equation:

0 d [dCp
OzlmKig—[—ﬁiQ] (17)
T dz

The solution of Eq. (17) is a linear profile for Cp;(z). We
must also specify the boundary conditions in order to solve
Egs. (12)—(14). For the pellet’s top surface at z=0, the following
boundary conditions were used for times ¢t <t7p,

Ca=Capo, Cp=Cpgo, (18)

whereas for times ¢ > t7p we used

0Cy

=0 (19)

(the no-flux condition) and
Cp = Cpo. (20)

Here, 7 p is the time at which a turning point in the porosity is
reached, i.e., when the local porosity at the disk’s top surface
reaches a value such that the corresponding average pore radius
is close to the molecular diameter of the TPS. At the bottom
surface, z = L, we set

P

Ca=0, —,
A ZR,T

Cp= 2D
where Z is the gas compressibility factor. L, the thickness of
the disk, was taken to be 2 mm. Boundary conditions (21) were
utilized for both t < tTps and 7 > trps. Moreover, we neglect
the concentration of the reaction products that result from the
decomposition of the precursor A.

The finite-element method (Finlayson, 1980) was utilized in
order to solve Egs. (12)—(14) and their associated initial and
boundary conditions. Linear basis functions were utilized, and
the time-dependent terms were discretized as

n+1 n
0Ca N Cui —Cy;

ot At (22)

where At is the size of the time step, and C’}; is the concen-
tration at grid point i after n time steps. Adaptive time step,
as well as adaptive computational grid, was used in order to
ensure accurate solutions. When the quantities of interest var-
ied rapidly, a smaller time step was used, whereas when they
varied relatively slowly, a larger At was utilized. Thus, in the
intervals 0 <t <9.7h and 10.5 <t <22h we used, Ar =205,
while in between the two intervals Ar =5 s was utilized since,
as the results presented below indicate, the most significant
changes in the quantities of interest occur in the middle time in-
terval. As for the computational grid, in the intervals 0 <z < 1
and 2 pm <z <2mm the grid was unform with the distance
between the grid points being, respectively, 25 and 0.15nm.
The grid in between the two intervals was adaptive in order
to ensure flexibility in the computations and accuracy of the
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Fig. 10. Dependence of the relative porosity of the disk-shaped membrane
on the distance z from the support’s top surface, at several times 7. The
experimental parameters were, 7 = 1033 K, P, = 1.2atm, and Poyt = 1 atm,
and the flow rates of the TPS and Ar were, respectively, 4.3 x 10~8 and
9 x 1075 mol/s.

solutions. The Newton—Raphson method was used to linearize
the equations, and the linearized equations were solved using
the biconjugate-gradient method.

Fig. 10 presents the computed relative porosity, ¢/¢p, at the
membrane’s centerline as a function of the distance z from the
membrane’s top surface, at various deposition times. The most
significant changes in the porosity happen very near the top
surface (z = 0) of the support that faces the precursor flow. As
the pore volume decreases, the corresponding average pore size
also decreases, eventually reaching the value corresponding to
the kinetic diameter of the TPS, taken to be ~ 0.5nm in the
simulations. To obtain the results of the simulations shown in
Fig. 10, this happens after about 13 h of deposition. Beyond
this time, the TPS is no longer able to infiltrate into the support
while Ar, with a kinetic diameter of ~ (.34 nm, still permeates
through. Therefore, after about 13 h, very little additional de-
position can happen inside the disk support and, hence, the Ar
permeance becomes stable.

The porosity variations shown in Fig. 10 are in qualitative
agreement with the electron microscopy observations of the
membranes prepared by the CVD/CVI of the TPS. Shown in
Fig. 11 is a scanning-electron microscopy image of the cross
section of a membrane, indicating a relatively uniform mem-
brane layer (the darker part of the image at the top), followed
by a relatively intact portion, consistent with the simulations
results.

Fig. 12 presents a comparison between the experimental data
for the Ar permeance as a function of the deposition time, and
the computed permeance obtained by fitting the parameters
K and 5 of Egs. (12)—(14). The fitting yielded, K = 22, 000
s™! and # ~ 1.3. As Fig. 12 indicates, the model with only
two adjustable parameters is capable of providing reasonably
accurate predictions for the Ar permeance and how it varies
with the deposition time, over a relatively long period of time.
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Fig. 11. A SEM image of the cross section of the disk-shaped membrane.
The darker area near the top surface is the membrane layer.

1.0 o

0.8 A

Pemeance x 10° (mol/m?Pa-s)

08 +

—— Simulation L ]
i ® Experiment
0.2 T T T T T T T T T
0 2 49 8 8
Deposition time x10™ (s)

Fig. 12. Comparison of the experimental data for the Ar permeance in the
disk-shaped membrane with the results of the numerical simulations. The
experimental parameters are the same as those in Fig. 10.

4. Theoretical modelling and computer simulation of the
CVI/CVD preparation of the tubular membranes

Fig. 13 depicts the schematic of the system in which the
CVI/CVD is used to prepare the tubular membranes. We as-
sume that, compared to the convective flow, the pressure drop
along the axial direction is negligible. Moreover, we assume
that in the membrane part, diffusion along its length is negli-
gible compared with the radial diffusion, and that the pressure
along the reactor length is uniform, both for the tube and shell
sides.

Inside the membrane: This part of the model is similar to
what we developed for the disk-shaped membrane, but with two
differences. One is that the transport-reaction equations are now
solved in the radial (r-)direction (instead of the z-direction for

Shell side

N rT_,

z

FT ——— Tube side

HERL R A AR AR,

P

Fig. 13. Schematic of the model for the tubular membrane.

1.0 4

Relative porosity (e/gp)
o
]
1

-+ - 10000
------ 20000
o e 76000

0.0 ; T T T T T T T T T T
u} 05 1 1.5 2 25
Distance from top surface, r (um)

Fig. 14. Dependence of the relative porosity of the tubular membrane on
the distance r from the support’s top surface, at several deposition times ¢.
The experimental parameters were, 7 = 1023 K, P, = 1.2 atm, Poyt = | atm
(AP = 0.3atm = 2.94psi), and the flow rates of the TPS and Ar were,
respectively, 6.8 x 1072 and 4.5 x 107 mol/s.

the disk-shaped membranes). The second difference is in the
boundary conditions for the model. On the tubular membrane
surface at » = R (see Fig. 13) and at times 7 <t7p, we set

Ca=ytch, cp=yhcl, (23)

where C; is the total concentration, and superscript 7 indicates
the tube side. For times ¢ > 7 p we used

0Ca _, (24)
or

and

cp=yhcl. (25)

On the surface at r = R; (see Fig. 13)—the shell side denoted
by the superscript S—and for times ¢ > 0, we set

Ca=y5C5, Cp=y3Cy. (26)

In practice, however, C4 nearly vanishes on the surface
atr = Ry.

On the tube side: The system is described by the following
equations for the species A and B:

drT 0
—A — _2nDur ﬂ (27)
dz or J,._g,
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and

dFl 0

s _ —2nDeBr< CB) . (28)
dz or J,._g,

The boundary condition at z = (0 was set to be

Fi=Fiy=Fs yio (29)
and
FY =Fh =Flyko. (30)
6
g 5 -
a
)5
£ '
=)
s 3- ]
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14 ® Experiment o 0 -
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Deposition time x107 (s)

Fig. 15. Same as in Fig. 12, but for the tubular membrane. The experimental
parameters are the same as those in Fig. 14.

Here, FZ and F g are, respectively, the molar flow rates of
Argon and the TPS, F1 and F the corresponding inlet molar
flow rates, FOT the total molar flow rate, and y£0 and ygo the
inlet mole fractions.

On the shell side: The corresponding equations, and the
boundary conditions at z = 0, for F ;f and F g are similar to
those for the tube side, except that the right sides of the equa-
tions must be evaluated at r = R. The permeate molar flow
rate in this case is FOS .

To solve the equations numerically, we divide the length of
the system into a number of grid blocks. We used 10, 20, 30,
and 40 grid blocks, but the accuracy of the solution with 10
blocks was comparable to those obtained with the denser grids.
The total length of the reactor was 5cm. The initial average
pore size of the membrane (support) was 65 nm, while its initial
porosity was 0.3. The governing equations for the membrane in
the radial direction, adjacent to the first block in the z-direction,
were then solved by the same method that we described for the
numerical simulation of the model for the disk-shaped mem-
brane. The TPS consumption rates, namely, —D,40C 4 /Or, and
the flux of argon, —D,p0Cp /0Or, both evaluated at r = Ry, were
then computed for the first block. Egs. (27) and (28) for the
tube side, together with their boundary conditions, Eqgs. (29)
and (30) were then solved analytically for the first grid block
in the z-direction (the advancing-front method). Similarly, the
governing equations for the shell side were also solved. The
fluxes of A and B in the first block were then used as the bound-
ary conditions for the second block. The governing equations
for the membrane in the r-direction were then solved, the flux
of Ar and the consumption rate of the TPS were computed, and
Egs. (27)—(30) for the tube side, and similar equations for the

14 -

Permeance x 10° (mol/m2.Pa.s)

Experiment
2| —— Model

15 20 25

Deposition time x 10" (s)

Fig. 16. Same as in Fig. 12, but with, AP = 1.0psi, and an Ar flow rate of 2ml/s at 7 = 1013 K. The flow rate of the TPS is the same as in Fig. 12.
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shell side, were solved. The procedure was repeated until the
solution for the entire system was obtained.

Fig. 14 presents the dependence of the relative porosity (the
ratio of the membrane’s porosity and the initial porosity) on
the distance r from the top surface, at several deposition times.
A comparison between Figs. 10 and 14 indicates that the TPS
penetrates the tubular support deeper than the disk-shaped one.
This is due to the fact that, in the disk-shaped support, the
pores’ mouths that are directly connected to the top surface are
bombarded directly by the TPS hitting the surface. As a result,
the pores near the surface undergo very rapid changes, whereas
with the tubular support, due to the geometry that causes deeper
penetration of the TPS, the changes are more gradual. As a
result, the rate of change of the relative porosity with r is slower
in the tubular membrane than what is indicated by Fig. 10 for
the disk-shaped system. The difference indicates that a tubular
support results in a more uniform distribution of the porosity
in the membrane.

Fig. 15 compares our experimental data for the Ar perme-
ance during the deposition process with the computed perme-
ances, obtained by the numerical simulations of the governing
equations. We used the same values of K and # that we ob-
tained for the disk-shaped membrane. The agreement between
the data and the numerical results is excellent, hence indicating
the accuracy of the model.

To further test the model, we carried out a third set of ex-
periments with a pressure drop, AP = 1psi (as opposed to
2.94 psi used above), and Ar flow rate of 2 ml/s (as opposed to
1 ml/s used above), at T = 1013 K (as opposed to 1023 K used
above). The TPS injection rate was the same as above. Fig. 16
presents the experimental data and compares them with the fit
of the numerical solution of the governing equations, using the
same values as before of the adjustable parameters K and 7.
The agreement is reasonable, hence indicating the accuracy of
the model.

5. Summary and conclusions

The results of a comprehensive experimental study, as well
as computer simulation, of preparation of SiC membranes by
chemical-vapor deposition and infiltration techniques were pre-
sented, for both tubular and disk-shaped membranes. The two
membranes exhibit very similar deposition behavior. The study
indicates that the CVI/CVD process of the TPS on the SiC sup-
port continues only so long as the pore sizes are larger than
the molecular radius Rtps of the TPS. Once the pores shrink
to a size smaller than (or equal to) Rtps, the permeance of ar-
gon no longer changes, even if one continues the deposition.
Moreover, significant porosity changes occur mostly in the re-
gion very close to the top surface. Two dynamic models were
developed for describing the CVI/CVD processes. Using only
two adjustable parameters, the models provided accurate pre-
dictions for the membranes’ permeances.

Therefore, given their accuracy, the models may be used for
optimizing the experimental parameters, such as the deposition
rates, the reactants’ concentration, and other operating param-
eters. In a future paper we will demonstrate this.
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We develop a new model for nanoporous materials and inorganic membranes, the pore space of which
consists of interconnected pores of irregular shapes and sizes. The model is based on the Voronoi tes-
sellation of the atomistic structure of the crystalline or amorphous materials, of which the membrane is
made. It generates three-dimensional molecular pore networks with pore size distributions (PSDs) that

resemble those of real inorganic nanoporous materials. In addition to being interconnected and having
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irregular shapes and distributed sizes, the pores also have rough internal surface, which is what one
may expect to exist in most real nanoporous materials. To test the validity of the model, we utilize it
to compute the adsorption isotherms of nitrogen in three distinct silicon-carbide (SiC) membranes at
77K, using equilibrium molecular dynamics simulations. Using at most one adjustable parameter, the
simulated isotherms and the experimental data are found to be in very good agreement.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Equilibrium and nonequilibrium properties of fluids and their
mixtures in nano- and mesoporous materials, such as catalysts,
adsorbents, and synthetic and natural (biological) membranes, are
of much current interest. In particular, adsorption, flow, and trans-
port of fluids and their mixtures in such porous materials have
been studied for a long time [1-4]. To be used efficiently in any
practical application, it is crucial to understand how such equi-
librium and nonequilibrium processes occur in the pore space of
nanoporous materials. Development of such an understanding is
greatly facilitated, if one has an accurate model of the materials’
pore space. Such understanding may then help one to address fun-
damental issues, such as the design of the best mode of operation
for a membrane.

An important class of nanoporous materials consists of mem-
branes that have been studied, both experimentally and by
computer simulations, for separation of gaseous and liquid mix-
tures into their constituent components. In particular, inorganic
nanoporous membranes have recently received much attention,
due to their high permeability and thermochemical stability in
harsh environments. Due to their high potential for gas separation,
several groups have developed various inorganic membranes, such
as silica, zeolite, and carbon molecular-sieve (CMS) membranes.

* Corresponding author. Tel.: +1 213 740 2064; fax: +1 213 740 8053.
E-mail address: moe@iran.usc.edu (M. Sahimi).

0376-7388/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2009.02.033

Our group (as well as other groups) has been preparing a variety
of amorphous nanoporous membranes for separation of gaseous
mixtures, including the CMS [5-7] and silicon-carbide (SiC) mem-
branes [8-11]. Optimizing the performance of such membranes,
and in particular their selectivity, entails developing much deeper
understanding of how adsorption and transport of gaseous (or lig-
uid) mixtures through them is affected by the morphology of the
pore space, and in particular the pore size distribution (PSD), pore
connectivity, surface roughness, and other controlling factors.

Several approaches have already been developed for modeling
of the pore space of a membrane. One approach is phenomenolog-
ical. It relies on the continuum equations of transport of gases (or
liquids) through the pore space, and ignores important information
about the porous material’s morphology, including its PSD and the
pores’ connectivity. An example of such an approach was described
in our recent paper [12].

Another approach is based on utilizing pore-network mod-
els of porous materials [4,13-18], using the idea that any porous
medium can, in principle, be mapped onto an equivalent network
of interconnected pores. The pores’ sizes are distributed accord-
ing to the measured PSD of the membrane. Since the network’s
pores are interconnected, the effect of their connectivity, which
greatly influences transport and separation of molecules through
the pore network, is also automatically taken into account. Thus,
one has a realistic model of a nanoporous membrane which can be
used to study the effect of a variety of factors on the transport and
separation of gaseous mixtures through it.

Due to the pores’ nanoscale size, molecular interactions between
the guest molecules in the pore space, and between them and the
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pore’s walls, are important. Therefore, the third approach to mod-
eling of transport and separation of mixtures through nanoporous
materials has been based on atomistic simulations [19,20]. Most of
such models are based on atomistic simulation of flow and trans-
port of a fluid mixture through a single nanopore. As described
above, however, the pore space of a membrane layer (as well as
that of its support) consists of a three-dimensional (3D), or quasi-
2D, network of interconnected pores, with sizes that are distributed
according to a PSD. In order to accurately model any membrane and
the phenomena that take place there, one must take into account
the effect of its pores’ interconnectivity. Thus, there have recently
been some attempts to generate more realistic atomistic mod-
els of nanoporous materials [21-23] with interconnected pores.
Our group has also carried out extensive molecular simulation of
transport and separation of gaseous mixtures in atomistic mod-
els of the CMS membranes [24-26], as well as of some adsorbents
[27-31].

In this paper and its sequel, hereafter referred to as Part II,
we propose a new molecular pore-network model for nanoporous
membranes, with a pore space that contains pores of irregular
shapes and sizes that follow a certain PSD. The approach, which is
quite general, combines a purely geometrical concept with molecu-
lar simulations, in order to develop a 3D pore-network model with
many virtues that a real nanoporous membrane may be expected
to have (see below). To test the accuracy of the model, we uti-
lize it to compute the adsorption isotherms of nitrogen in three
nanoporous membranes. In Part II we will utilize the adsorption-
validated model to simulate the transport and separation of binary
gaseous mixtures in the same membranes, in order to demonstrate
the predictive power of the model.

We describe the model by developing it for a nanoporous SiC
membrane. Due to its many desirable properties, such as high
thermal conductivity [32], high thermal shock resistance [33],
biocompatibility [34], resistance in acidic or alkali environments,
chemical inertness, and high mechanical strength [35,36], SiC has
attracted wide attention for various applications. As mentioned
above, our group has been fabricating SiC membranes for gas sep-
aration applications [8-11], such as hydrogen separation.

The rest of this paper is organized as follows. In the next section,
we describe how the molecular model of the SiC, as the material
for the membrane, is developed. Section 3 provides a descrip-
tion of the geometrical concepts for developing the pore-network
model, and how it is combined with the atomistic model of the
membrane material, in order to develop the model for the SiC mem-
brane. Equilibrium molecular simulations of nitrogen adsorption
in the SiC membranes are described in Section 4 . The results are
described and compared with the experimental data in Section 5
. The paper is summarized in Section 6 , where we describe the
application of the model to other types of materials and mem-
branes.

2. Molecular model of the membrane material

As mentioned in the introduction, we describe the new model
by developing it for nanoporous SiC membranes that we have been
fabricating [10,11]. The model is applicable to both 8-SiC, which is
the crystalline state of SiC, and a-SiC, which represents the amor-
phous state. The first step in the construction of the model is the
development of an atomistic model for the membrane material—in
this case SiC. If the model is intended for SiC in its crystalline state,
then, its atomistic structure is well-known and straightforward to
generate. Fig. 1 presents the atomistic structure of 8-SiC. Thus, one
generates a large crystalline SiC structure by repeating the basic cell
shownin Fig. 1. The distances between the various atoms are known
and are, therefore, fixed. For example, the first neighbor Si-C pairs
are fixed at the experimental distance of 1.88 A.

Fig. 1. The unit cell of the crystal structure of 8-SiC.

To generate the model for a-SiC - the amorphous state of SiC -
we proceed as follows. We begin with the crystalline structure of
SiC, as described above. The simulation cell contains the unit cell
of the SiC in the crystalline state, repeated a large number of times,
in order to generate a large structure. Energy minimization and
molecular dynamics (MDs) simulation are then utilized, in order
to establish the most stable state of SiC at the desired temperature.
To carry out the MD simulations, one must specify a force field (FF)
that accurately describes SiC. Several accurate FFs have been devel-
oped in the past for describing SiC [20]. Among them are those due
to Tersoff [37], Stillinger and Weber [38] and its modification [39],
and Brenner [40] and its extended versions [41,42]. They all pro-
vide accurate description of SiC. In the present work we utilized
the extended Brenner FF [42].

In the extended Brenner FF, the total energy E of the material is
written as

E=> " [Er(ry) + By(r Ea(ry)]- (1)
i j>i

Here, subscripts R and A denote, respectively, the repulsive and
attractive parts of the the total energy of the system, given by

0
EACr) =) 2 o exp [ [ 2 iy~ 1) ()
A“_U”Sij—lp s Pt =T

exp[ /25 Bi(ris — rg ] , (3)

where Dg, is the well depth, and rg is the equilibrium distance
between atoms i and j. The quantities fj;(r;;) are cutoff functions,
given by

DO
Er(r) _fl (ru)

1, r <R
=7

fij(r)= 1 + % cos[m(r

5 —ROY/(RD — R,

(1) (2)
R’ <r<RS (4)
0, r> joz)
The function By is given by

Tiby + by + BN NOD). (5)

B —

L)
Bjj depends on the environment around atomsi andj, since the func-
tion Fjj - a correction term which is used only for carbon-carbon

bonds - depends on the two functions N )and N ) defined below.
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Here,

b= 1+ Y e(Oyefri) explatl(ry — RS) — (ric— ROD+ KN NS &

k#ij

(6)

where 0 is the angle between bonds ij and ik, §; a fitting param-
eter, and the function Hj; is another correction term, used only for
hydrocarbons. The function g(6; ) is given by,

2

c
gp)=ao [1+0 -0 |
ik 0[ d3 d%-i—(h,--i—cos@ijk)z

2
o

(7)

where h; is a function that, depending on the atom i, may depend
on the environment around i. For the C atoms, h; = 1. The cutoff
functions f;(r) are used for defining the various quantities. Thus,

N =Y firy), (8)
Jj=18i)

N = ), (9)
=G

where, for example, {C} denotes the set of the carbon atoms. Here,
N,.(’) is the number of atoms of j bonded to atom i.

It is clear that the extended Brenner FF has a very large number
of parameters that must be fitted to the experimental data. The fit-
ting has already been carried out for a large number of compounds,
and the fitted values of the parameters have been tabulated [42].
We used the fitted values of the parameters [42] for SiC in the sim-
ulations. Utilizing the extended Brenner FF, MD simulations were
carried out to melt the SiC crystalline structure. The initial 3D sim-
ulation box contained a large number of Si and C atoms, arranged in
the B-SiC crystalline structure. Since the final product is an amor-
phous material, periodic boundary conditions cannot be used. The
time step At used in the simulations was, At = 1.47 x 10~ ps.The
melting temperature of SiC is 3103 K. Therefore, the SiC crystalline
structure was heated up to 4000 K to melt completely, so as to gen-
erate the amorphous SiC. After the system reached equilibrium, the
temperature was gradually lowered in steps of 5K back to 300K,
using MD simulations. Each step of lowering the temperature took
about 103 time steps to reach equilibrium. Thus, the final amor-
phous SiC structure was obtained from a single heating-cooling
process.

To check whether the material is in a truly amorphous state, we
computed its radial distribution function, g(r). Fig. 2 presents the
results at 300 K. The computed g(r), and in particular the locations
of the various peaks that correspond to the three types of the cova-
lent bonds, are in very good agreement with the experimental data
[43], hence confirming the amorphous state of the SiC.

3.5+
34
2.5
24

a(r)

r (A%

Fig. 2. The computed radial distribution function g(r) of a-SiC. Arrows indicate the
locations of the peaks, corresponding to the covalent bonds.

Clearly, if one wishes to model the crystalline structure at any
temperature below the melting temperature of SiC, the same MD
simulation procedure can be used to heat up the crystalline struc-
ture to the desired temperature.

3. The molecular pore-network model

In order to generate the pore-network model of the membrane,
we created a 3D simulation box of the atomistic model of the mem-
brane material that was developed by the MD simulations described
above. The dimensions of the simulation box depend on the com-
putation time that one can afford. In Part Il we will study the effect
of the system’s size, which represents essentially the thickness of
the membrane layer, on the separation properties of the membrane.
For computing the adsorption isotherms (see below), we used boxes
with a linear size of 65.4 A.

We then tessellated the simulation box by inserting in it a num-
ber of Poisson points, i.e., points that are inserted randomly in the
system. Each Poisson point is the basis for the construction of a
Voronoi polyhedron. Each polyhedron (consisting of some of the
atoms of the membrane material) is that part of the simulation box
which is closer to its Poisson point than to any other Poisson point.
Fixing the size of the simulation box and varying the number of the
Poisson points allow one to vary the average of the PSD. We used
between 2600 and 3000 Poisson points in the simulations.

To carry out the tessellation, we utilized parallel computations
using space decomposition, message-passing interface strategy,
and 300 processors. This reduced the computational time by nearly
two orders of magnitude. Each processor tessellated a certain part
of the simulation box. Using larger simulation boxes (with a larger
number of Poisson points) increases the efficiency of the computa-
tions.

The pore space was then generated by specifying the porosity
of the membrane, and selecting a number of the polyhedra in the
tessellated space in such a way that, their total volume fraction
equals the specified porosity. The selected polyhedra were then
designated as the membrane’s pores. All the atoms that are inside
such pores were removed, including those that were dangling, i.e.,
connected to only one other atom. Removal of the dangling atoms
was necessitated by the fact that, in a real porous material, it is
physically impossible to have such atoms connected to the internal
surface of the pores. The remaining atoms in the simulation box
constitute the membrane’s solid matrix, while the pore space con-
sists of interconnected empty pore polyhedra of various shapes and
sizes.

Two points are worth mentioning here. One is that, in princi-
ple, one should carry out a second energy minimization after the
removal of the atoms inside the pore polyhedra, since the removal
creates a new environment to which the remaining atoms might
respond. We assumed, however, that the SiC material in the mem-
brane is rigid, since there are no experimental indications that the
SiC is very flexible. Thus, no further energy minimization was car-
ried out. The second point worth mentioning is that, after some of
the atoms are removed, the atoms that are connected to them have
a free valence, i.e., contain some charge. Therefore, one must take
those charges into account.

The designation of the polyhedra as the pores can be done by
at least two methods. If the pore polyhedra are selected at ran-
dom, then, provided that the size of the simulation box is large
enough, the size distribution of the polyhedra will always be Gaus-
sian, regardless of the pore space’s porosity. From a practical point
of view, however, this is not realistic because membranes that are
used in practice do not usually have a Gaussian PSD, rather they are
skewed with a tail that represents the larger pores in their support.
In the second method, one designates the pore polyhedra in such
a way that the resulting PSD mimics that of a real membrane. To
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Table 1
The porosities of the three membranes, and the simulations’ parameters. Np, N¢, and
Ns; represent, respectively, the number of Poisson points, and carbon and silicon
atoms.

Membrane Porosity Np Nc Ns; Average pore size (A)
1 0.4 3000 7816 7849 6.5
I 0.43 2800 7069 7076 6.6
11 0.5 2600 6384 6363 6.7

obtain such PSDs, we first sorted and listed the polyhedra in the
box according to their sizes (volumes), from the largest to smallest.
We then designated the polyhedra as the pores according to their
sizes, starting from the largest ones in the list. In this way, three
model membranes were generated for the adsorption simulations
(see below). Table 1 lists their porosities and the number of Poisson
points used in the tessellations, as well as the number of Si and C
atoms that they contain.

Let us point out that the statistics of Voronoi tessellations have
been used in the past to characterize the porosity distribution in
porous materials [24,25,28,44,45]. However, the method that we
propose in this paper is different from the previous works [44,45]
in that, here, we first develop the atomistic model of the n onporous
material by molecular simulations, and then generate the porosity
in it by tesselating the resulting nonporous molecular structure. In
the previous works [44,45] one simulates a binary fluid mixture in
which one of the components serves as a template material. The
final porous material is then generated by removing the template
particles from the mixture.

Fig. 3 presents a 2D pore network with 50% porosity, in which
the white polygons represent the membrane’s matrix, while the rest
are the pores. In the simulation of the sorption isotherms described
below, as well as in Part II, we utilized 3D structures. Fig. 4 depicts
a small portion of a 3D pore network obtained by this method.

In Fig. 5 we present the PSD computed for the three model SiC
membranes. They resemble the PSD measured experimentally (see
below). Since the pore polyhedra are not selected at random, the
mean pore size depends on the porosity, as well as the number of the
Poisson points used in the simulations, if the size of the simulation
box is held fixed.

An important aspect of the model, which is also a property of
real porous materials, is the interconnectivity of the pores. We
characterize the pores’ interconnectivity by the coordination num-
ber Z, defined as the number of the pores connected to a given
pore, which is a spatially distributed quantity. To demonstrate this

Fig. 3. An example of 2D Voronoi pore network. Black polygons are the pores.

Fig. 4. The structure of the polyhedra and their connectivity in a small portion of a
3D Voronoi pore network. Light and dark colours represent, respectively, the pore
and matrix polyhedra. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)
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Fig. 5. The computed pore size distribution of the three SiC membranes.

aspect, we computed the distribution of the coordination number
for a model SiC membrane with porosity of 0.5. The results are pre-
sented in Fig. 6. As can be seen there, the coordination number
varies anywhere from 0 (isolated pore) to as high as 20. The aver-
age coordination number is about 10. Lower porosities would, of
course, result in lower average coordination numbers.
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Fig. 6. The distribution of the coordination number in a 3D Voronoi pore network
with porosity of 0.5.
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The model has several virtues that are expected for any inor-
ganic membrane of the type that we have been studying: (i) It
generates PSDs that mimic those measured. (ii) The pores have
irregular shapes. (iii) The interconnectivity of the pores is auto-
matically taken into account. (iv) Removing the dangling atoms
generates pore surface roughness, which is expected to exist in any
real membrane.

Let us point out that, although tessellating the membrane mate-
rial by the Voronoi algorithm and designating some of the resulting
polyhedra as pores may seem as abstract, it is, in fact, quite natu-
ral. The pore space of many natural porous materials, ranging from
biological materials, wood, and foam [2,46], to sandstone and other
types of rock [4], can be well represented by Voronoi-type struc-
tures. In addition, the Voronoi algorithm affords one great flexibility
for constructing disordered pore networks with many variations in
the shapes and sizes of the polyhedra. One can, in fact, modify the
algorithm, in order to generate pore polyhedra with a great variety
of shapes, from completely random to very regular shapes [47].

4. Molecular simulation of nitrogen adsorption

To test whether the model can reproduce experimental data
for the SiC membranes, we computed the adsorption isotherm of
nitrogen in three model membranes at 77 K, and compared them
with the experimental data. To do so, we employed equilibrium MD
(EMD) simulations. The standard cut-and-shifted Lennard-Jones
(L)) potential,

— <
U(r) = { Uy(r)—Uy(re) r=<rg,

(10)
0 r>re,

was used to describe the interactions between the nitrogen
molecules, as well as between them and the C and Si atoms in
the membrane, where Uyy(r) is the 12-6 L] potential. The cutoff
distance r. was taken to be quite large, r. ~ 15.25A. We used,
on, =3.7,0c = 3.4, and o5; = 3.74 (all in A) for the L] size param-
eters, and €y, /kp = 95.05, €c/kp = 28, and €;/kp = 23.6 (all in K)
for the L] energy parameters, where kg is the Boltzmann’s constant.
The Lorentz-Berthelot rules, €;; = (eiej)l/z, and oy = (1/2)(0; + 0}),
were utilized for calculating the size and energy of the unlike pairs
of atoms.

In the simulation we used the Verlet velocity algorithm [48] in
order to determine the atoms’ trajectories. If the simulations are
carried out with the crystalline structure, periodic boundary con-
ditions are utilized. Such boundary conditions cannot be used with
the amorphous material. In that case, the no-flow (closed walls)
boundary conditions are used. After discarding the first4 x 10° time
steps for equilibration of the system, the trajectories of the atoms
were collected over a typical period of 4 x 10° time steps. The chem-
ical potentials were calculated using Widom's test particle method
[49-51],

te = —kgIn <exp (_k?TU)> , (11)

where (e is the excess chemical potential of the system, AU the
change in the potential energy of the system as a result of adding
a test particle, and (-) denotes an average over time and active test
particles. The chemical potentials were then converted to pressure
using the equation of state for the L fluids [52].

At the beginning of each simulation run, the simulation cell was
divided into a large number of small subcells and a test particle was
assigned to each subcell. The simulation cell was discretized into
Nx x Ny x n; grid points along the three directions, with, ny = ny, =
n, = 143, thus resulting in over 2,924,207 small subcells. The test
particle-solid wall interaction energies and their three derivatives,
associated with all the subcells, were then calculated and recorded.

They also served as the grid points values for the interpolation
calculations described below. The test particles with interaction
energies, in units of kgT, less than a certain positive value & (for
example, 20) were considered as “active” test particles, and those
with interaction energies larger than £ were considered as “idle”
states, since they make essentially no contribution to the chemical
potential.

In each sampling step, computation of the chemical potentials
and the adsorption isotherms typically required a small percent-
age of the active test particles which were randomly selected. The
actual value depended on the loading and the porosity. Depending
on the loading of the adsorbate molecules and the size of the simu-
lation cell, the number of the active test particles varied from 2000
to 4000. Energy conservation in the system was monitored in each
simulation, and the time step was adjusted according to the load-
ing of the adsorbate molecules and the size of the pores, such that
the standard deviations of the total energy relative to the mean was
about 5 x 10~ or less. Typical value of the time steps selected in
this way was 7.4 x 103 ps. To reduce the simulation time for calcu-
lating the interaction between a gas molecule and the atoms in the
molecular network, we used a 3D piecewise cubic Hermite inter-
polation [53,54](which interpolates a function and its first three
derivatives) to compute the potential energy and forces for the gas
particle at any position using the previously recorded information
at the ny x ny x n; grid points. The (NVE) ensemble was utilized to
calculate the adsorption isotherms.

5. Adsorption results and comparison with experimental
data

Three sets of data for N, adsorption isotherms in three SiC mem-
branes were used for comparison with the computed isotherms
using the model. One isotherm was measured in our own labora-
tory, using the SiC membrane that we have fabricated [10,11]. We
refer to it as membrane I. The separation properties of the same
membrane for binary gaseous mixtures were also measured. They
will be directly compared with the computed results in Part II. The
other two isotherms were reported by Suda et al. [55], and are
referred to as isotherms for membranes II and IIL.

The nitrogen adsorption isotherm with membrane I was mea-
sured using the BET method. We first measured the isotherm in
the membrane’s support (which was also SiC), and then gener-
ated the BET data in the supported membrane. This way we were
able to obtain the isotherm in the membrane layer itself (since the
model represents the membrane layer). Fig. 7 shows the adsorp-
tion isotherms in both the support and the supported membrane.
The membrane’s thickness was estimated to be 9 um. Using the
adsorption isotherm and the MP (micropore analysis) method [3],
we estimated that the porosity of the membrane was about 0.4.
Since the estimate of the average pore size by the BET instrument
is based on the Horvath-Kawazoe (HK) method [3,4], which is not
very accurate, we treated the average pore size of membrane I as
an adjustable parameter. Thus, we ran a set of EMD simulations
with various average pore sizes and porosity 0.4, using the Voronoi
model. We found that the EMD simulations results match the exper-
imental isotherm almost perfectly with an average pore size of 6.5 A.
This is shown in Fig. 8.

The PSD of membrane II [55] is shown in Fig. 9. Although it
contain several peaks and a long tail, only its left-most side that
corresponds to the membrane layer is of interest to us. The mem-
brane’s porosity, estimated by the MP method, is about 0.43. Its
average pore size was determined by the simulation, and turned
out to be 6.6 A. Suda et al. [55] reported the average pore size of
membrane Il to be about 6.4 A, which had been, however, esti-
mated by the HK method. Fig. 10 compares the computed isotherm,
using the Voronoi model at the same porosity, with the experi-
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membrane I.

mental data for membrane II. The agreement is, once again, very
good.

The PSD of membrane III [55] is presented in Fig. 11, which is
similar to that shown in Fig. 9. The HK average pore size of the
membrane was reported to 7.2 A. Its porosity was estimated by the
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Fig. 11. Pore size distribution of membrane III, adopted from Suda et al. [55].

MP method, and turned out to be 0.5. Using these values, the simu-
lated isotherm did not quantitatively agree with the data. However,
fixing the porosity at 0.5 and lowering the average pore size to 6.8 A
(a difference of about 5%) produced the isotherm shown in Fig. 12,
where it is compared with the data of Suda et al. [55]. Once again
the agreement is very good. Note that, the average pore sizes of the
three membranes are rather close to each other.
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Fig. 12. Comparison of the computed and measured nitrogen sorption isotherms in
membrane III.
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Let us point out that, if the porosity of a membrane is relatively
large - not too close to its percolation threshold [56]- then often
a single realization of the model produces the correct isotherm.
However, if the porosity is low, or if the system is close to a phase
transition (which often happens at low temperatures), then, one
must either generate several realizations of the model and average
the results, or use a relatively large size model.

Thus, by adjusting at most one parameter, the Voronoi model for
the SiC membrane can accurately predict nitrogen sorption data
that are in agreement with the experimental data. A stringent test
of the model can be made, if we use the model of the membranes
to predict, without using any additional adjustable parameter, their
separation properties. This will be taken up in Part II.

6. Summary

A new molecular pore-network model for inorganic nanoporous
membranes was proposed. The model is based on generating an
atomistic model of the membrane material, tessellating the atom-
istic model using the Voronoi algorithm, and designating the pores
in a physically reasonable manner. The model was tested against
experimental data for nitrogen adsorption in three SiC membranes.
Adjusting at most one parameter — the average pore size - produced
isotherms that are in very good agreement with the data.

In Part II we will use the model developed in this paper, in
order to study the transport and separation of binary gas mix-
tures in the SiC membrane I. We will demonstrate that, using the
model obtained by computing the sorption isotherm, and utilizing
no additional adjustable parameter, we can accurately predict the
separation properties of the membrane.
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1. Introduction

Due to its many desirable properties, such as high thermal conductivity, stability,
chemical inertness, high strength, and high oxidation resistance, silicon carbide (SiC) is a
promising candidate for a wide range of applications that involve harsh environments.
SiC has potential for application as a high-temperature, high-power, and high-frequency
semiconductor in the aerospace industry [1], as a gas sensor [2] and hydrogen storage
medium for the automotive industry [3,4], as a material from which hydrogen
permselective [5,6] or even biocompatible membranes for the bioMEMS industry [7] are
made, as a catalyst support [8-10], as well as a reinforcing material [11].

Due to its many potential and actual applications, there has been increasing
interest in producing various nanostructures with SiC. In the production of such
nanostructured materials carbon nanotubes (CNT) have been commonly employed as the
templates, to react with Si or SiO vapors at high temperatures and under ultra-low
pressures [12-15]. Such a synthesis route results in crystalline SiC nanotubes and
nanowires. However, it is difficult to use the technique and maintain uniformity and
control on the final product. The approach is also costly because the process must operate
at high temperatures and low pressures for long periods of time. Another method for
producing SiC nanostructures involves catalyst-assisted chemical-vapor deposition
(CVD), during which silicon and carbon-containing compounds are reacted on metallic
catalysts [11,16-18].

A third method involves the use of templates of anodic aluminum oxide (AAO) and
utilizing the CVD technique, or a solution deposition of polymeric precursors, in order to

produce SiC nanotubes and nanowires inside the substrates. Li et al. [19], for example,



prepared SiC nanowires inside the AAO channels by reacting SiO vapors with C3;Hg at
1230 °C. Xu et al. [20] reported the preparation of amorphous SiC nanorods inside the
AAO templates by the RF sputtering. Yen et al. [21] reported the preparation of silicon
oxycarbide nanotubes by infiltration of polycarbosilane (PCS) into the AAO templates,
followed by pyrolysis at 1100 °C in a vacuum furnace. Cheng et al. [22] prepared SiC
nanotubes by the CVD of SiC polymeric precursor with the trade-name SP-4000
(Starfire® Systems, Inc., with nominal structure [SiH,CH;],, n=2-8, including branched
and cyclic isomers [23]) and the solution infiltration of polysilaecthylene (PSE) into the
AAO at 1000 °C. The CVD technique produced uniform SiC nanotubes, but the solution
deposition technique produced SiC nanofibers with a bamboo-like structure, which were
explained to be the result of the Rayleigh fluid instability [24].

In this paper we report on the synthesis of uniform porous SiC nanofibers by
infiltration and pyrolysis of allyl-hydridopolycarbosilane (AHPCS) into the AAO
templates. The AHPCS is a hyperbranched structure of the type, [R3SiCH,-],[-SiR,CH,-
Jy[=SiR(CH»-)]:[=Si(CH»-)],, R= H or allyl (CH,=CHCH,-) [22], which is a polymeric
precursor that can be converted to SiC with a near stoichiometric ratio at relatively low
temperatures in an inert atmosphere, without the need for any catalyst or oxygen for
cross-linking [5,25]. Aside from the work of Cheng et al. [22], we are not aware of any
other reports on the solution infiltration method used for producing SiC nanofibers. The
study of Cheng et al. produced nanofibers with a bamboo-like structure. The main goal of
the present paper is, however, studying the effect of polystyrene (PS), as a pore former,
on the morphology and physical property of the nanofibers. Such nanofibers are being

used by our group in the preparation of nanoporous hydrogen perm-selective membranes



[26]. Due to their very high surface areas (see below), they could potentially also be used

as catalyst supports.

2. Experimental

The AAO disks (Anodisc”, Whatman Inc.) were used as the templates. They are
asymmetric alumina disks consisting of a top layer with a thickness of 2 um and an
average pore size of about 100 nm, sitting on top of a support layer with a thickness of
58 um and an average pore size of about 250 £50 nm [27].

The solution that contained the SiC precursor was prepared by dissolving AHPCS
with a concentration of either 20 or 30 wt% (SMP-10, Starfire® Systems, Inc.) in hexane.
In order to study the effect that adding polystyrene to the AHPCS solution has on the
nanofiber morphology, polystyrene was added to the AHPCS in toluene solutions. 5, 15,
and 30 wt% of the PS (on a per AHPCS basis, i.e., gram of the PS per gram of the
AHPCS in the solution) were added to a 20 wt% solution of the AHPCS in toluene. Prior
to immersing the AAO disk templates in the solutions, they were dried at 70 °C in air for
1 h. The templates, after being infiltrated by the solutions, were heated in flowing Ar in a
tube furnace (Lindberg/Blue, Model STF55433C) at a rate of 2 °C/min, first to 200 °C at
which they were kept for 1 h, then to 400 °C where they were kept for 1 h, and finally to
750 °C at which they were kept for an additional 2 h for pyrolysis. Subsequently, they
were cooled down to the room temperature in flowing Ar with a cooling rate of 3 °C/min.
After the pyrolysis, the disks were immersed and dissolved in a 6 M NaOH solution for
48 h. The SiC nanofibers were separated by centrifuging the solution at 2600 rpm for 20

min, and were then washed several times with deionized water. The process of washing



with water and re-centrifuging was continued until the pH of the solution was at the
neutral value. The morphology of the resulting nanofibers was then studied using the
SEM (Cambridge 360) and TEM (Philips EM420). The nitrogen adsorption isotherm of

the nanofibers was measured at 77 K with a Micromeritics ASAP 2010 apparatus.

3. Results and Discussion
In what follows we present and discuss the results, and describe the effect of several

important factors on the formation of the nanofibers.

3.1. Effect of AHPCS concentration on the SiC nanofiber formation

The photographs of the two sides of the AAO templates, shown in Fig. 1, indicate
that their top layer has an average pore size of about 100 nm, sitting on a bottom layer
with an average pore size of about 250 nm. Using low concentrations (2-5 wt%) of the
AHPCS in hexane as the starting solution did not yield any SiC nanofiber. This may be
due to the fact that, at such concentrations the polymer matrix is below the percolation
threshold [28], i.e., the minimum volume fraction for the formation of stable and
connected structures, or that weak structures form that break down during or after the
removal of the template.

Using higher concentrations of the AHPCS, such as 20 wt% and 30 wt%, made it
possible to form SiC nanofibers. Although 20 wt% of polymer translates to 14 vol%,
which is slightly below the percolation threshold for random continuous materials (about
17%), i.e., the minimum volume fraction at which a continuous macroscale matrix is

formed, one should recognize that the polymer does not necessarily have a random



structure. It is likely that there are some positive correlations in the polymer morphology,
which result in a lower percolation threshold [28]. Figure 2 shows the SEM and TEM
photographs of the SiC nanofibers, obtained using 30 wt% solutions of the AHPCS in
hexane. The diameter of the nanofibers is, as expected, within the range of the template

pore sizes which is about 250 nm.

3.2. Effect of polystyrene concentration on the SiC nanofiber morphology

Polystyrene has been used by several investigators as a pore former, in order to
improve the separation characteristics of the PCS-derived SiC membranes [29-32]. Such
membranes possess high permeances, which are the result of the contribution of the
gaseous products of polystyrene pyrolysis to the formation of the 3D material structure.
On the other hand, if the material is intended for use in the membrane formation, one
should be cautious in indiscriminately adding polystyrene, as it may segregate and form
distinct PS ellipsoidal domains within the PCS bulk after solvent removal, which would
then result in defects during the PS decomposition, leading to adverse impact on the
membrane selectivity [31,32]. Here, the idea behind adding the PS to the AHPCS
precursor during the preparation of the various SiC nanofibers was to investigate whether
the addition impacts the morphological characteristics of the materials in a way similar to
that observed during the formation of SiC nanoporous membranes. One expects that, by
increasing the amount of the PS added to the AHPCS precursor solution, one can produce
a broad range of morphologies, ranging form the uniform porous nanofibers that are

produced in the absence of the PS, to porous nanofibers containing large ellipsoidal



porous domains, and nanotubes formed when the polystyrene domains segregate and
create a central sacrificial PS core.

Figure 3 shows the nanofibers that are formed by adding the PS, at a
concentration of 10 wt% (g of the PS/g of the AHPCS), to the 30 wt% AHPCS in toluene
solution. The selected-area electron diffraction (SAED) pattern in Fig. 3 reveals the
amorphous structure of the nanofibers. During the pyrolysis, increasing the temperature
causes evaporation of the solvents and, thus, leads the stable solution to cross the binodal
or spinodal curves of the ternary (AHPCS-toluene-PS) phase diagram, and form
polymer-rich and polymer-lean domains seen in the phase-inversion phenomenon. Phase
segregation of the PS inside the nanofibers into ellipsoidal domains and their complete
decomposition during the pyrolysis result in the formation of hollow ellipsoidal regions
inside the nanofibers. This is indicated more clearly in the high resolution TEM images
of two nanofibers that were produced from the pyrolysis of the 10 wt% PS in the AHPCS
precursor solution; see Fig. 4. Visible in these photographs is the presence of hollow
ellipsoidal domains. Further careful examination of the nanofibers indicates that, the
region in the vicinity of the hollow domains is darker than the rest of the nanofiber in the
bright field images. This indicates that, as a result of the interaction between the PS and
AHPCS during the pyrolysis, the boundary regions have a denser structure. The high
resolution TEM photograph of the nanofibers shown in Fig. 4 also reveals a porous
structure, which was expected from our previous work on the fabrication of the AHPCS-
derived SiC membranes [5,6]. Within the resolution of Fig. 4, pores as small as 5 nm can

be discerned. The XRD investigations of the nanofibers confirm an amorphous structure,



which is expected for the SiC materials generated by the pyrolysis of the AHPCS at the
relatively low temperature at which we prepared the nanofibers [33].

Further increase of the PS wt% fraction to 15 wt% (g of the PS/g of AHPCS) in a
30 wt% AHPCS in toluene solution resulted in an opaque solution, which indicated that
the solution was in the two-phase region of the ternary phase (AHPCS-toluene-PS)
diagram. Thus, further addition of the PS to the base case of 30 wt% AHPCS in toluene
solution was not possible.

Lowering the concentration of the AHPCS allows one to prepare stable precursor
solutions that contain larger fractions of the PS in the AHPCS solution. Therefore, a
number of precursor solutions were prepared by adding the PS to a 20 wt% AHPCS in
toluene. Precursor solutions that were transparent and stable were prepared by dissolving
5, 15, and 30 wt% of the PS (g of the PS/g of AHPCS) into a 20 wt% AHPCS in toluene.
As can be seen in Fig. 5, increasing the concentration of the PS increases the number of
the hollow domains in the fibers. With 30 wt% of the PS in the AHPCS solution one
begins to see the formation of the hollow fibers. They are probably formed as the result
of the coalescence of the hollow domains. Further increase of the PS fraction (to 65 wt%

per AHPCS) resulted in opaque solutions, which were not studied further.

3.3. Effect of polystyrene concentration on the physical properties of the SiC nanofiber

Figure 6 presents the nitrogen adsorption isotherm of the SiC nanofibers, prepared
using the 10 wt% PS in a 30 wt% AHPCS in toluene. The fibers have a high BET surface
area of 457 m’/g with a total pore volume of 0.79 cm’/g which translates to a high

porosity of about 70%. The Horvath-Kawazoe (HK) pore size distribution of the



nanofibers is characterized by a sharp peak at a pore size of about 4.5 A, with a
corresponding pore volume of 0.16 cm®/g in the microporous region. Analysis of the BJH
pore size distribution indicates an average pore size of about 7 nm in the mesoporous
region of the material.

Figure 7 shows the nitrogen adsorption isotherm of the SiC nanofibers, prepared
using the 30 wt% AHPCS in toluene, without adding the PS. In this case the fibers have a
lower BET surface area of 366 m?/g with a total pore volume of 0.78 cm’/g. The HK pore
size distribution of the nanofibers is again characterized by a sharp peak at a pore size of
about 4.5 A, with a corresponding pore volume of 0.12 cm®/g in the microporous region,
and a slightly larger BJH average pore size of about 8 nm. Higher surface areas for the
SiC samples, prepared with the addition of the PS to the PCS solutions, were also
reported by Suda et al. [31], who studied the effect of adding the PS on the formation of
the SiC membranes. The higher surface areas were explained [31] to be due to the release
of gases during the PS decomposition, and their contribution to the formation of the 3D

structure.

4. Summary

Uniform porous SiC nanofibers with high surface area were fabricated using a template
technique. Adding polystyrene, as a pore former, to the precursor AHPCS solution
resulted in SiC nanofibers with ellipsoidal hollow domains inside the fibers, which is the
result of phase segregation during the drying process. Increasing the concentration of the
PS in the starting AHPCS precursor solution resulted in nanofibers with an increased

fraction of hollow domains, and even in the formation of some hollow fibers. Formation



of the hollow domains in the material is interesting scientifically and important from a
practical view point, and opens the way to encapsulation of other

materials inside the nanofibers, if used instead of the PS.
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Captions:

Fig. 1. The two sides of the AAO templates, showing a pore diameter of about 100 nm on
one side, and about 250 nm on the other side.

Fig. 2. The (A) TEM, and (B) SEM of the SiC nanofibers.

Fig. 3. The (A) TEM, and (B) SEM photographs of the SiC nanofibers, prepared by
adding 10 wt% of the PS to the AHPCS solution. Hollow domains can be seen as
the result of the PS decomposition. The embedded SAED in the TEM picture
indicates the amorphous nature of the fibers

Fig. 4. The TEM picture of the SiC nanofibers, prepared by addition of 10 wt% of the PS
(AHPCS basis) to the solution. The nanofibers have a porous structure, with hollow
ellipsoidal domains, resulting from the PS decomposition.

Fig. 5. The TEM pictures of the SiC nanofibers and hollow fibers, prepared by adding,
(A) 5, (B) 15, and (C) 30 wt% PS (AHPCS basis) to a 20 wt% AHPCS in toluene
solution.

Fig. 6. Nitrogen adsorption isotherm of the SiC nanofibers, formed by addition of 10 wt%
of the PS (AHPCS basis), together with the HK pore size distribution for the
microporous region.

Fig. 7. Nitrogen adsorption isotherm of the SiC nanofibers, prepared by 30 wt% of the
AHPCS in toluene, together with the HK pore size distribution for the microporous

region.
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