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ABSTRACT

Thistechnica report summarizes our activities conducted in Yr 11, InYr |
we successfully demongtrated the feasibility of preparing the hydrogen sdlective
SIC membrane with achemica vapor deposition (CVD) technique. In addition, a
SiC macroporous membrane was fabricated as a substrate candidate for the
proposed SIC membrane. In Yr 1 we have focused on the development of a
microporous SIC membrane as an intermediate layer between the substrate and
the find membrane layer prepared from CVD. Powders and supported thin
dlicon carbide films (membranes) were prepared by a sol-gd technique usng
slicasol precursors as the source of silicon, and phenalic resin as the source of
carbon. The powders and films were prepared by the carbothermal reduction
reaction between the silica and the carbon source. The XRD analysisindicates
that the powders and films consst of SC, while the surface area measurement
indicates that they contain micropores. SEM and AFM studies of the same films
aso vdidate this observation. The powders and membranes were dso stable
under different corrosive and harsh environments. The effects of these different
treatments on the interna surface area, pore size distribution, and transport
properties, were studied for both the powders and the membranes using the
aforementioned techniques and XPS. Findly the SIC membrane materids are
shown to have satisfactory hydrothermal stability for the proposed application. In
Yr 111, we will focus on the demondtration of the potentia benefit usng the SC
membrane developed from Yr | and I for the water-gas-shift (WGS) reaction.
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TECHNICAL SUMMARY

Thistechnica report summarizes our activities conducted in Yr Il. InYr |
we successfully demongtrated the feasibility of preparing the hydrogen sdective
S C membrane with a chemica vapor deposition (CVD) technique. In addition, a
SiC macroporous membrane was fabricated as a substrate candidate for the
proposed SIC membrane. In Yr Il we have focused on the development of a
microporous SC membrane as an intermediate layer between the substrate and
the find membrane layer prepared from CVD.

Powders and supported thin dSlicon carbide films (membranes) were
prepared by a sol-gd technique using slica sol precursors as the source of slicon,
and phenolic resin as the source of carbon. The powders and films were prepared
by the carbothermd reduction reaction between the glica and the carbon source,
which was conducted at 1550 °C under an inet atmosphere of argon. The
powders and films were characterized by XRD, and BET for their surface area
and pore dze didribution. The SC membranes were dso characterized by
permedtion tests usng single gases (He and Ar) to determine their separation
characterigics.  The XRD andysis indicates that the powders and films consst of
SC, while BET shows tha they contain microporess. SEM and AFM sudies of
the same films dso vdidate this observation. The powders and membranes were
dso subjected to trestment a different corrosve and harsh  environments,
induding immersng them in HF, burning in ar, and reecting with seam a high
temperatures. The effects of these different treetments on the interna surface
area, pore sze didribution, and transport properties, were studied for both the
powders and the membranes using the aforementioned techniques and XPS. The
materids are shown to have satisfactory hydrothermd stability.

In Yr 11, we will focus on the demondration of the potential benefit usng the SC
membrane developed from Yr | and |1 for the water-gas-shift (WGS) reaction.



1. INTRODUCTION

Sol-gdl  processng techniques are recaving atention recently in  the
preparation of ceramic membranes!*™®  Ceramic membranes are better suited than
the conventiond polymeric membranes for high tempeaure separation
applications, due to their good resistance to high temperatures/®”  Silicon carbide
(SC) is a paticularly promisng materia for the preparation of high temperature
membranes, snce it is capable of withsanding high temperatures and mechanica
stresses, and it isresstant to highly corrosive environments.

Rdatively few studies have reported on the preparation of SIC membranes
by any techniques!®® Morooka, et al. [ prepared SIC membranes by chemical
vapor deposition on g-dumina substrates at 700-800 °C using tri-isopropylsilane
as the precursor.  After the deposition process, the membranes are heat-treated in
argon at 1000 °C for 1 h. The resulting membranes are tested for the separation of
Ho/H,O mixtures.  The permestion experiments are performed at temperatures
between 200 °C and 400 °C, and have shown a H/H,O sdectivity in the range of
3-58  SC membranes were prepared by chemica vapor infiltration (CV1) into g
-Al,Os-coated porous a -Al,O3 tubes by Takeda et al.l®® The gases utilized were
SH,Cl, and C;H, diluted with hydrogen. They were supplied dternatively to the
porous tube during heating at 800-900 °C. The produced SIC membrane showed
hydrogen permesnces in the range of 1x10° molm?stPa® with a Ha/N,
sectivity of 3.36 at 350 °C. Using g-alumina as the support for the preparation
of dlicon carbide membranes presents a number of chdlenges for the type of
goplications these membranes may be useful for. Porous g-dumina is not very
resstant to corrosve environments. In addition, its thermd expanson coefficient
is different from tha of dglicon carbide, raisng concerns about the mechanica
sahility of the resulting composite membrane sysem. Lee and Tsa 29 have
prepared asymmetric SSIC membranes by low-pressure chemica vapor depostion
(LPCVD) of SH4, GH2 and argon mixtures at 800 °C on the surface of Al,O3-
doped SIC macroporous supports.  The macroporous SIC support, itself, had an
asymmetric dructure, i.e, the aumina content decreased from the certer to the
surface of the support. The CVD process reduced the pore size of the membrane
from 297 nm to 14 nm.'¥ However, this pore size reduction is achieved a the
cost of a large reduction in the permeance of the membranes. Part of our Yr Il
effort has devoted to the preparation of SIC mesoporous and macroporous
substrates for use as supports in the preparation of asymmetric SC membranes.
We have used a number of different starting powders and sintering aids to prepare



crack-free subgtrates, which have high porosity and are sufficiently smooth, to be
used for further processng by sol-gd, CVD and other techniques. Our study was
reported in a recent publication by Suwanmethanond et al. [

In this annua report we describe the results of our investigations on the
use of these subdrates for the preparation of asymmetric SC membranes usng a
sol-gd method. In our study we have utilized a number of commercid dlica sols
with different sol paticle dzes These ae used as the dlicon source for
production of SIC. Phenolic resn is utilized as the carbon source. The SC ol
Precursors are then coated on the SIC substrates, which are prepared by our group
1 usng dry-pressing techniques, and sintering a 1950 °C. The SIC <ol
precursors undergo carbotherma reduction a high temperatures to produce the
find SC thin films The sol-gd dep is an important intermediate stage in the
preparation of asymmetric microporous SIC membranes (the find stage can be a
CVD/CVI or a polymeric precursor pyrolyss sep), which are cgpable of
withgtanding high service temperatures and are thermaly stable to the presence of
seam. These sol-gd membranes, in addition, can potentidly find gpplication in
nano- and ultrafiltration applications of corrogve liquid mixtures.

We are not aware of other studies, which report on the use of a sol-gd
technique for the preparation of SC membranes. A number of prior studies in
recent years have, however, focused on the preparation of SC powders using sol-
gel techniques. Cerovic et al.!'? for example, have prepared slicon carbide
powders by heating a mixture of a slica sol, prepared by an ion exchange method,
with saccharose or activated carbon (as the carbon sources), and boric acid; the
latter is reported D act as the catdys for the carbothermd reduction of dlica with
carbon at 1550 °C. They report that the optimum molar ratio of C/S for the
production of SIC is 3 for activated carbon and 4 for saccharose. The diameter of
the sphericdl SIC particles prepared with activated carbon was twice that of the
paticles prepaed from saccharose. Usng phenyltrimethoxysilane (PTMS),
and/or tetraethylorthosilicate (TEOS) as the silica source Seog and Kim %! have
prepared slicon carbide powders, which are made of sphericd particles. Mono-
dispersed sphericad powders were produced using a base catdyzed route, while
poly-dispersed powders were obtained with the aid of an acid-base catayzed
route. A number of different carbon sources such as ethycdlulose,
polyacrylonitrile (PAN), and starch were utilized by Raman et al. [**! for reaction
with a slicon source & 1550 °C to produce SiC powders. It was shown that the
type of carbon source utilized determines the crysdline form of SC that is
produced and the grain Sze.



As noted previoudy, there are no published studies, we are aware of, that
goecificdly focus on preparing SC membranes usng a sol-gd technique. The
preparation of such membranes presents unique chdlenges, snce the thin gd film
that is generated on the porous substrate, typicadly using a dip-coating method,
must remain crack-free during the SC forming process a high temperatures.

2. EXPERIMENTAL PROCEDURE
2.1. The Sol-gd Synthesis of Silicon Carbide

A vaiety of dlica sols (both water and dcohol based) have been utilized
in the invedtigation. For the materids, whose preparation is described here, a
paticular organo-dlica sol type IPAST, with a paticle sze in the range of 8-10
nm (see Fig. 1) is used as the slica source, as receved from the manufacturer
(Nissan Chemicd Indudtries, Ltd). A phenolic resole type resn (Occidenta
Chemicd) is usad as the carbon source. A 50 wt % solution of phenolic resin in
ethanol is mixed with the dlica sol in a quantity that is adjusted to obtain a molar
ratio of S/C =1.3. The choice of this S/C molar ratio is based on the
gochiometric  requirement  for the completion of the overdl cabotherma
reduction reaction, which is thought to proceed as follows; °!

SO, +3C >SiC + 2CO (1)

The mixture of dlica sol and phenolic resn is then sonicated usng an ultrasonic
device for 10 min in order to obtan a homogeneous ge-polymer mixture.
Subsequently, the procedure one follows depends on whether one prepares
powders or membranes. For the powders, the sample is dried a room temperature
overnight and then tranderred into an dumina crucible  The crucible containing
the dried gd is then placed in a tubular furnace. The samples are heated first up
to 800 °C with a hegting rate of 75 °C/h and then up to 1550 °C with a hedting rate
of 50°C/h. The gd is cdcined a 1550 °C for 3 h; upon cdcination it is then
cooled down to room temperature at a rate of 85 °C/h. During the cacination
process the sample is congtantly purged with ultrahigh purity agon. The
membrane preparation is described below.

2.2. Membrane Preparation Using the Sol-Gel Method



The supported SIC sol-gd membranes are prepared utilizing macroporous
SIC substrates. These substrates are prepared as follows!*! A slicon carbide
fine powder (Sumitomo Osaka Cements, Japan) with an average paticle sze of
0.03m is mixed with a more course slicon carbide powder (Superior Grephite
Co.,) with an average paticle sze of 0.6min the raio of 1:2. Boron carbide (in
the amount of 0.1 wt %) and phenolic resin (in the amount 4 wt %) are used as the
gntering aids. The mixture of powders and various Sntering aids are pressed into
disks, which are then cdcined a 1950 °C to obtain the macroporous SIC
membrane substrates (more details about the preparation of such substrates can be
found in our prior publication)!*¥ These SIC substrates are then used for further
surface modification viathe sol-gd technique.

The dlicon carbide membranes are prepared by conventiond dip-coating
techniques. One first prepares the solution containing the appropriate amounts of
the slica and carbon sources and sonicates it for 10 min in order to obtan a
homogeneous blend. The macroporous SIC subgtrate to be dip-coated is wrapped
with Teflon tape on one dde, and is dipped in the sol solution for a period 30 s; it
is then withdrawn out of the solution with a withdrawa rate of 0.00lm/s. After
the coating process is completed, the coated substrate disk is placed in an dumina
crucible and is then inserted in the tubular furnace. The sample is heated to 1550
°C with a heating rate of 50 °C/h, where it is cacined for 3 h under an argon
atmosphere; upon cacination it is cooled to room temperature with a cooling rate
of 50 °C/h. If additiond coatings are required they are applied after the first
cacination step using the same dip- coating/cal cination procedure.

2.3. The Characterization of SC Membranes

The permesation characterigtics of the membrane are measured using argon
and hdium as the test gases. The transport properties of each membrane are
reported in terms of the permeance of the two individud gases and the ided
separation factor (defined as the ratio of permeances of these two gases). The
absolute values of permeance and the separation factor are both important in
terms of determining the usefulness of the membrane for further gpplications and
processng. The permeance of each species is measured usin% a laboratory
permeation apparatus, which has been described dsewhere!*! Briefly the
membrane disk is placed in between the two haf-cdls of the apparatus, one
chamber is pressurized at the required pressure, while the other is maintained a
atmospheric pressures. The flow rate of gas exiting the lower pressure chamber
Q (mP/9) is measured using a soap-bubble flow meter. Since the thickness of the
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thin layer is not precisdy known the permeance (ingtead of the permesbility) of
each gas K; in nt/(n? Pas) is calculated from the following equation.

Ki = Q/(ADP), 2

where A is the cross-sectiond area (nf), and CP; is the pressure difference that
exists across the membrane disk (Pa). The separation factor between He and Avr,
as noted previoudy, is defined as the ratio of their permeances cadculated from
equation (2). If the sol-gd membrane has no subgtantiad number of macroporous
defects being present, one expects this ratio to be equal to the Knudsen separation
factor (S) given (for the case of the He and Ar pars) by the following
relaionship.

MW
MW

S= (©)

where the MW’ s are the molecular weights of the two permesating gases.

For both the powders and the membranes X-ray diffraction (XRD)
andyss is used in order to identify the crystdline compounds that are present.
The XRD technique is complemented with X-ray photoelectron spectroscopy
(XPS) messurements, which determine the surface compostion of the materids.
XPS can potentidly identify amorphous compounds, which may not be detected
by XRD. The pore sze distributions of both powders and films are measured
usng an ASAP2010 (Micromeritics) BET agpparatus. For BET data analyss we
utilize the BJH and Horvath-Kawazoe modds.  Therefore, the pore sze
digributions (PSD) generated must only be viewed as qualitative messures of the
pore dructure (two SC membranes with the same PSD’s are likdy to have the
same pore dructure characteridtics) rather than as quantitative indicators of the
pore Sze. Scanning dectron microscopy (SEM) and atomic force microscopy
(AFM) are adso usad to sudy the surface morphology of the membranes. The
SEM technique is used to locate the position of the film, and in order to determine
the degree of its adheson to the underlying macroporous substrate. AFM is
utilized to determine the degree of surface roughness, which is important when
determining whether these materids are gppropriate as subgrates for the further
deposition of microporous films by other techniques.

The hydrothermd tability of the powders and the membranes is tested by

treating them a 350 °C in flowing ultra high purity argon containing 50% mole of
seam for a pre-determined period of time. Upon completion of the hydrothermd
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tests the powders and membranes are tested again by a variety of techniques in
order to determine the effect of the treatment on surface and transport properties.

3. RESULTS AND DISCUSSION
3.1. TheSC Powders

Sol-gel production of slicon carbide involves the reaction between dlica
and a cabon source a reatively high temperatures. This cdcination formeation
process is dso cdled the carbotherma reduction reaction. This is because during
the process slica is reduced (loses its oxygens) by a series of reactions, and is
eventualy converted to dlicon carbide  The carbothermd reaction and the
formation of dlicon carbide can be easly traced usang X-ray diffraction anayss.
The bottom line in Fg. 2, for example, shows the XRD pattern of a slicon
carbide powder prepared by us by the sol-gd method previoudy described and
after the cdcination process. The XRD pattern indicates that the carbothermal
reduction reaction has resulted in a materia, which is pure dlicon carbide, its
peeks corresponding to that of crysdline b-SC. The following st of reactions
have been reported to occur during the carbothermal reduction reaction:[1® 11

SO,(9)+C(s) = SO(g)+CO(g) 3
02 (s) +CO(g) > SO(9) +CO2(9) 4
SO (g +2C(s) > SC(9 +CO(g) o)
SO (g) +3CO(g) > SIC(s) +2C0O2(g) (6)
CO2(9) +C(s) > 2CO(9) (7

Here (9 and (g) refer to solid and gaseous dates, respectively.  The man
reactions for the formation of SC are reactions (3) and (5). Reaction (3) occurs
rgpidly a high temperatures, the SIO(g) that is produced reacts with C(s) that is in
close proximity and forms SC(s). When enough CO and CO, are present
reactions (4), (6), and (7) may aso occur. It is clear from the above mechanism
that the miscibility of the carbon source (eg., the phenolic resin solution) with the
glica sol plays an important role in the formation of the find SC microgructure.
The dlica sol and phenolic resin need to be homogeneoudy and wel mixed with
each other in order for the SO, and C to be in intimate contact and for crystdline
SiC to be produced.

Though b-SIC gppears to be the form of SC that forms immediately after
the carbothermd reection treatment of such powders under various conditions
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may convert this form of SIC into other forms. As can be seen in Fig. 2 treatment
of the powder in flowing ar at 420 °C for 3 h leaves the b-SiC phase unchanged.
Trestment in a strong hydrofluoric acid (HF) solution (Aldrich, 40 wt% HF) for 5
h ds0 seems to have a minor effect on the SC powders. Trestment in a flowing
mixture of 50-mol% water and 50-mol% argon at 350 °C for 24 h (after it had
been treated in air at 420 °C for 3 h) seems to convert part of the b-SCinto a-SIC
(see top of Fig. 2). Bootsman et al.[*® have studied the phase transformation of
different SC phases. They concluded, in agreement with our own observations,
that the 6H (a-SIC) type is generdly the mogt stable phase.  However, whether
the other crysd polytypes (including b-SC) convert into a-SIC depends on the
type and pressure of the atmosphere that prevails, and the type and amount of
dopants and impurities that are present in the sample.

To undergtand the nature of the materials that are formed by the sol-gd
technique, and in order to evauate ther performance in corrosive and oxidative
environments the as prepared powder samples were subjected to further teds.
Three different types of trestments were gpplied in various sequences (see Table
1). They include heating of the slicon carbide samples in air a 420°C for varying
periods of time (as indicated in Table 1) in order to burn away any unreacted
carbon; washing in a strong HF solution (Aldrich, 40 wt% HF), which has been
reported by other invedigators to etch away resdud dlica that may be left
behind from the carbotherma reduction reection;!*® and subjecting the smples to
a treatment at 350 °C in flowing ultra high purity argon containing 50% mole of
seam for a pre-determined period of time, a hydrothermd dability test which is
important in terms of the eventud gpplication of such membranes. Table 1 shows
a number of different sequences of tests performed on the sol-gd SC samples in
order to study the effect of each step individualy and in combinaion. We have
taken the interna surface area of the powder samples (as measured by BET) as an

indicator of the changes in the pore dructure brought upon by the various
treatments.
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Table 1. The surface area of SIC samples after under going varioustreatments.

sol+C
calcined at 1550 oC

SiC Powder
BET Surface Area
220.65 m2/g

HF Treatment Air Treatment Air Treatment

for 3 hours for 7 hours
BET Surface Area BET Surface Area BET Surface Area

221.95 m2/g 333.78 m2/g 362.90 m2/g

1
I . ) I
Air Treatment HF Treatment Steam Treatment Air Treatment

for 3 hours for 24 hours for 14 hours
BET Surface Area| | BET Surface Area||] | BET Surface Areaf |BET Surface Area

359.98 m2/g 323.98 m2/g 360.65 m2/g 363.29 m2/g

Steam Treatment
for 24 hours

BET Surface Area
366.56 m2/g

It is clear from the results shown in Table 1 that etching with HF does not affect
the internd surface area of the SC sample sgnificantly. This is true for the as
recaeived samples (less than a 0.6 % change) and the samples after they have been
subjected to a 3 h oxidation treatment in air (less than a 3% change). This result
taken together with the XRD andyss results of the same sample, which show no
evidence for the presence of SO,, confirms that no ggnificant amounts of
resdud dglica are left in the samples after the carbotherma reduction reaction.
The fact that the sample that is oxidized in ar before the HF treatment, shows a
dightly higher change in the surface area may be due to the fact that the HF is
removing the passve oxide layer tha may form as the result of burning the
sampleinair.

The BET test reaults indicate that the surface area of the SC samples
increases considerably after the air trestment a 420 °C for 3 h. This is likely to be
due to the burning avay of some of the carbon left behind after the cacination
process. That little, if any, resdud SO, is present and hat carbon is left behind
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after the cacination process may be indicative that the other reactions (4, 6, and
7), in addition to (3) and (5), paticipate in the formation of SC. The excess
carbon that is left behind may dso be an indicator of some loss of volaile S
components (e.g., SO), which are created a the beginning of the carbotherma
reduction process by solid-solid reactions a the interface between slica and
carbon. Based on the proposad reaction mechanism, it is likey that the carbon
matrix formed by the pyrolyss of the phenolic resin, srongly influences the find
dlicon cabide dructure. Homogeneous mixing of the origind precursors, as
dated earlier, is essentid in order to assure that a find SIC sample is formed,
which has uniform properties including porosity and pore structure. The size and
type of the dlica sols one uses deemines the ability of homogeneoudy
digtributing the sol with the carbon source.  The finer the initid glica sol partides
are, for example, the more homogeneoudy they didribute in the phenolic resn,
and actively participate in the carbotherma reaction.

It should adso be noted after a certain period of ar trestment the surface
area does not change dsgnificantly (note, for example, the surface areas after the 7
and 14 h treatments in ar in column 3 of Table 1) indicative that most carbon
indugons are removed in the firs few hours of burning in ar; further heating in
ar does not appear to change the properties of the slicon carbide, and the sample
appears to be stable.

Steam tretment is equdly effective with ar oxidation in removing the
resdual carbon. Note, furthermore, that after the carbon has been removed with
ar oxidation steam trestment has little effect on the surface area compare the two
vaues a the bottom of columns 1 and 4 in Table 1, which are more or less the
same). In terms of the surface area but dso of the pore sze didtribution (see Fig.
3) steam treatment does not affect the dructure of the SC powder after the
resdua carbon is removed. On the other hand, as shown in Fig. 2, the steam
treatment seems to convert some of the b-SC into a-SC; surface area and pore
gze didribution (see below) appear not be senstive indicators of this change,
however. Interestingly, steam, HF, and ar tresiments dl have little effect on the
pore size digribution of the find SC powders (see Fig. 3). Based on the above
tests, the SIC powders prepared by the sol-gd process al exhibit a good
hydrotherma stability, and corrosion and oxidation resstance.

3.2. The SIC Membranes

As previoudy noted the SC membranes are prepared by dip-coating of
substrates made of mixtures of powders which are pressed into disks and then
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cdcined a high temperatures. These subgtrates are highly porous with a bimoda
pore size distribution with one sharp pesk centered around 4 nm (corresponding to
the finer particle size powder) together with a much broader macroporous peak
centered around 150 nm corresponding to the larger size powder (see Fig. 4). The
He/Ar separation factor for this subsirate is close to unity and He/Ar permeance is
~7.2¢10" nf/(mf.Pa.sec). The effect on Ar permeance and the corresponding
separdion factor of coating a number SIC layers is shown in Figs. 5and 6. The
Ar permeance changes during the fird coaings but remains unchanged after that.
There is no dependence of the permeance on the transmembrane pressure
gradient, which is dso a good indicator of the lack of any substantid convective
flow contributions to the membrane transport. These observations are aso
vdidated by the behavior of the separation factor with the number of coatings
(Fig 6). After the third coating the measured separation factors are very close to
the ideal Knudsen vaue of 3.16. AFM has dso been used to study the surface
morphology of the sol-gd coated samples. Figure 7 shows the AFM image of the
SC sol-gd membrane. There are no cracks and/or pinholes observed in the
membrane layer, and the surface appears to be reatively snooth. Figure 8 shows
the XRD pattern of the SC membrane together with the XRD pattern of one of
the powders prepared under Smilar conditions. The two XRD patterns are
indiginguishable with the pesks corresponding primarily to b-SIC and with a very
gamdl quantity of a-SiC phase aso being present.

The SC membranes were aso subjected to the same hydrothermal test the
various powders went through. The test, as previoudy, was caried out by
exposing the membranes a 350 °C to a flowing mixture consising of 50-mol% of
water and 50-mol% of argon for a period of 30 h (the test was terminated after
this period because there was no noticegble change in the membrane properties).
During the test the argon permestion rate of through the membrane was congtantly
monitored, and the results are shown in Fig. 9. The argon permeance remained
consgtant throughout the whole period the membrane was exposed to steam.  After
the hydrotherma test the membrane separation characteristics were dso studied
by messuring the permestion rate of He and Ar. No noticeable changes were
observed in the membrane transport characterigtics, as can be seen in Figs. 5 and 6
which show the Ar permeance and the He/Ar separation factor as a function of
transmembrane pressure gradient for the membrane before and &fter the
hydrotherma test. Figure 10 shows an SEM picture of a cross section of the SC
membrane after the hydrothermd dability test. The sol-gd SC thin film (~4-5
mm thick) lies on the top of the macroporous SIC disk. It appears to be strongly
adhering without any is vidble cracks or pinholes developing dfter the
hydrotherma gtability test.
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To further investigate the ability of these materids to withsand the
various corrosve environments, the various samples were andyzed by XPS. The
XPS data are collected by a Perkin-Elmer /Physcd Electronics Divison modd
5100 X-ray photoelectron spectrometer with a non-monochromatic Al K, 1486.6
eV radiation source (15 kV, 300 W). Data acquistion and instrument control is
performed using an RBD mode 147 controller with AugerscanO software.  The
samples, after being subjected to the various treatments, they are placed into the
andyss chamber and dlowed to outgas until a vacuum of < 1 X 107 torr had
been restored (typicd andysis pressure was in the range of 1 - 8 X 10°® torr).
Figure 11, for example, shows the XPS results of a powder SIC sample, which
after being trested by HF for 5 h, air a 420°C for 3 h was subjected to a steam
treatment. There is a strong pesk at 100.4-101.0eV corresponding to SC, which
is indicative that the sample is dlicon carbide (deconvolution of the spectra
indicates the SIC content to be in excess of %1%). A smdl sde shoulder at 103.0-
103.3eV corresponds to a trace impurity of SO», which may be ether a remnant
of the origind sol, or mog likely due to the surface oxidation of the SC as a
result of the ar oxidation and steam trestments. The XPS results seem to be
consgtent with the results of the XRD anaysis.

4. CONCLUSIONS

Silicon carbide asymmetric membranes and powders have been prepared
by a sol-gd processng sep followed by a carbothermd reduction reaction
between the dlica and carbon precursors. The resulting materials consst mostly
of SC and some resdud carbon. This carbon is easly removed by an ar or
deam treatment without any negetive impact on the mechanica properties of the
membrane.  Permedtion Sudies of the SC membranes show ided separation
factors for single gases, which are close to the Knudsen vaues. This means that
the reaulting films have no subgantid fraction of macroporous cracks and
pinholes.  They ae, therefore, promisng subdrates for the preparation of
permselective microporous membranes by ether CVD or polymeric precursor
pyrolyss techniques or for ultréfiltration or nandfiltration applications involving
corrogve liquids. The membranes are resgtant to treatment by HF, oxidation by
air, and prolonged exposure to steam at high temperatures.
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LIST OF ACRONYMSAND ABBREVIATIONS

AFM:
CVD:
HF:
PAN:
PSD:

PTMS:

SEM:
TEOS.
TPS:
WGS:
XPS:
XRD:

Atomic Force Microscopy
Chemica Vapor Deposition
Hydrofluoric Acid
Polyacrylonitrile

Pore sze distribution
Phenyltrimethoxyslane
Scanning Electron Microscopy
Tetraethylorthoslicate
Tripropyl Silane
Water-Gas- Shift

X-Ray Photospectroscopy
X-Ray Diffraction
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Figure 1

The TEM picture of the organo-slicasol type IPAST with particle
Sze8-11 nm, provided by Nissan Chemicd Indudtries, Ltd.
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Figure 2. The XRD pattern of a SIC powder treated with HF, air, and steam.

* dgnifies the peaks corresponding to the (6H) phase.
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The argon permeance of the membrane as a function of the
pressure gradient and the number of coatings.
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pressure gradient and the number of coatings

26



Figure 7. AFM image of the SIC sol-gd membrane
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The XRD patterns of the SC membrane and the unsupported film
(powder) prepared by the same techniques.
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Figure 10. A SEM picture of the cross section of the SIC membrane prepared
by Sol-Gd technique
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Figure 11.
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The XPS spectrum of the SIC powder sample. The superimposed

peaks correspond to SIC at 100.4-101.0 ev and SO» at 103.0-103.3
ev, repectively.
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