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Abstract 

Two approaches were utilized to disperse rhodium metal particles onto the ultramicr~porous silica 
separation layer of a composite inorganic membrane prepared by modification of a commercial alumina 
support. In one approach, the silica membrane surface was first amine-derivatized using the silylation 
agent HzN (CH, ),NH (CH, )sSi (OCHs )a, followed by reaction with the metal-organic compound [ (1,5- 
COD ) RhClJ%. This approach led to uniformly dispersed ca. 6 nm rhodium particles located only on the 
surface of the membrane (as revealed by cross-sectional transmission electron microscopy) after a hy- 
drogen reduction at 200°C. The size of the [ (l,&COD) RhCI], molecule combined with a reduction of 
the pore size due to silylation apparently prevented significant penetration into the membrane separa- 
tion layer. Modest reductions (ca. 50% ) in helium and nitrogen permeability resulted from this treat- 
ment. An alternative procedure involved wet impregnation of the membrane with a (Rh(acac),) /THF 
solution, followed by air calcination and hydrogen reduction. This approach produced a much lower 
coverage of ca. 4 nm rhodium particles. Helium and nitrogen permeability measurements indicated that 
considerable pore blockage existed after the calcination step, and that the reduction step led to defect 
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or crack formation in the SiO, membrane layer as evidenced by a sizeable increase in permeability. It 

was proposed that the silylation approach led to the [ (1,5COD) RhCl], precursor being located pri- 

marily on the surface with little pore penetration, while the Rh(acac)s was able to penetrate the pores 

to a greater extent, leading to damage of the membrane layer during decomposition of the ligands. The 

silylation approach appears to be a general strategy to control the size, surface coverage, and location of 

catalyst in catalytic membrane design. 

Keywords: catalyst dispersion; composites; membranes; membrane reactor; rhodium; silylation 

INTRODUCTION 

There is currently a great deal of interest in using inorganic membrane re- 
actors for selective catalytic synthesis of industrial chemicals [ 11. This inter- 
est stems largely from the substantial plant capital and operational savings 
that can be realized by reduction of throughput if conversion efficiencies or 
selectivities can be increased. The concept of shifting the thermodynamic equi- 
librium in reversible reactions by selective removal of one of the products pro- 
vides the possibility of achieving greater conversion at a lower operating tem- 
perature [2,3]. Membrane reactors can also improve reaction selectivity by 
suppressing side reactions that depend on product concentration [ 41. 

A catalyst can be incorporated into a membrane reactor in several ways: (1) 
the membrane material itself may be catal~ically active, (2) the membrane 
may be coated or impregnated with the catalyst, or (3) the catalyst may be 
present as a bed of particles contained by the membrane [5,6]. The majority 
of modelling and experimental studies have evaluated the conjuration in- 
volving a catalyst bed contained by the membrane, and this configuration has 
been shown to be capable of providing considerable conversion enhancements 
[ 5,6]. There have also been studies which indicate that, under some conditions 
with gaseous and gas-liquid reactions, incorporation of the catalyst into the 
membrane itself can provide superior performance compared to conjurations 
where the catalyst and membrane are separated [ 3,7,8]. 

There are several potential advantages to the catalytic membrane configu- 
ration. By providing the reaction product separation within the reaction zone 
(as opposed to at the boundaries of the reaction zone as is done with a packed 
catalyst bed), the transport restrictions associated with transporting the prod- 
ucts out of the catalyst bed to the membrane are avoided. In addition, for re- 
actions involving two separate reactant streams (e.g. multiphase reactions [ 7]), 
there may be advantages to controlling the catalyst-reactant contact precisely 
by permeating reactants from opposite sides of membrane and having the cat- 
alyst located as a film on one side of the membrane. An example of this for 
gas-liquid reactions was discussed by Harold [ 7 ] ; and an important example 
involving gaseous reaction is the partial oxidation or oxidative coupling of 
methane, where selectivity and conversion are sensitive to the rate and chem- 
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ical form of oxygen delivery [ 9,101, The primary potential disadvantages of 
the catalytic membrane conjuration are the relatively limited area for cata- 
lyst dispersion, which may limit the catalyst loading and catalytic surface area, 
and limited contact time between reactants in the catalytic reaction zone. 

An attractive scheme for fabricating catalytic membranes should, therefore, 
have several features. A high catalytic surface area should be achieved on or 
within the membrane without substantially hindering the permeability of the 
membrane. A high catalyst surface area can be best achieved with minimal 
catalyst loading by providing a very fine and uniform dispersion of catalyst 
particles. It is also important that heat treatments required to disperse and 
activate the catalyst do not alter the membrane microstructure. A catalyst 
dispersion technique which requires low temperatures to provide the active 
catalyst is thus desirable both with respect to impact on the membrane support 
and minimizing catalyst particle growth. Particle size of the catalyst and par- 
ticle/support interactions are also known to influence the kinetics and the 
selectivity of reactions. Thus, the location and dispersion of a catalyst (e.g. 
within pores or on the surface of the membrane) are factors that are likely to 
impact performance of a membrane reactor. 

There have been several reported studies of ceramic membrane reactors in- 
volving catalyst dispersion or impregnation in the membrane [3,8,11-153. 
These have included wet impregnation of iron, potassium, aluminum, and cop- 
per from nitrate solutions [ 111; impregnation of platinum in porous vycor from 
chloroplatinic acid solution [3,12]; impregnation of silver and MgO from ni- 
trate, acetate, or nitrate/urea solutions [8,13,14]; and impregnation of vana- 
dia from a toluene solution of vanadium acetylacetonate (acac) [ 151. The use 
of solution impregnation followed by heat treatment has led to negligible change 
in permeability in some cases (e.g. platinum impregnation of porous vycor 
using chloroplatinic acid [ 12]), but may also lead to very large reductions in 
permeability due to pore plugging, as witnessed with impregnation of several 
metal nitrates in porous alumina membranes [ 111. In general, the effects of 
imprecation techniques on the permeabilities and catalyst dispersion, load- 
ing, and particle size in membranes have not been thoroughly investigated and 
are not well understood. 

An alternative approach to achieve highly dispersed catalyst within a porous 
matrix involves utilizing chemical interactions between the membrane surface 
(or modified membrane surface) and the metal precursor molecules. For ex- 
ample, it has been proposed that some metal (acac) compounds react with hy- 
droxyl groups of oxide supports which may lead to monolayer coverage of a 
catalyst material [ 161. Vanadium (acac ) was used as a precursor to give a van- 
adia loading of ca. 70% of a monolayer on a porous TiO, membrane. [ 151. Such 
a molecular-level dispersion approach should be very attractive and offer high 
activity per amount of catalyst loading if particle coarsening and damage of 
the membrane can be avoided in calcination and catalyst activation treatments. 
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Two approaches to catalyst dispersion on ceramic membrane supports are 
considered in this paper. One is a wet impregnation using a Rh(acac),/tetra- 
hydrofuran (THF) solution. The second approach is based on the reaction of 
metal-organic precursors with an amine derivatized ultramicroporous silicate 
membrane layer deposited on a commercial alumina membrane. Amine deri- 
vatization of either silicon alkoxides or high surface area silica gels has been 
used to create metal complexation sites that provide, after reaction with metal 
precursors, calcination, and reduction, nanometer-sized metal particles highly 
dispersed within a silica matrix [ 17,181. With this approach metal-organic 
molecules are used as reagents for site specific surface reactions leading to 
dispersion of the metal-organic complex at the molecular level. The dispersion 
is ultimately controlled by the number and distribution of the amine complex- 
ing sites which depend in turn on the number and distribution of surface hy- 
droxyl groups and steric constraints imposed by the pore size. The metal-or- 
ganic reagents may be reacted with the derivatized silicon alkoxides prior to or 
during sol-gel condensation reactions [ 181, or may be reacted in a subsequent 
step with an amine-derivatized silica [ 171. For example, Rousseau et al. [ 171 
reacted functionalized silicates, [ H2N ( CH2)zN ( CH2)$Si0,,~] n with ( (NBD) 
RhC1)2) (where NBD = norbornadiene) to obtain a homogeneous distribution 
of ca. 4 nm rhodium particles throughout the silica matrix. Silylation also pro- 
vides a general approach for altering pore size and surface chemistry within 
membrane pores [ 191. 

EXPERIMENTAL 

Sol preparation and characterization 

The model silica membranes used in this study were prepared by the depo- 
sition of polymeric silicate ~01s. The silicate sols were synthesized from tetrae- 
thoxysilane (TEOS) dissolved in ethanol using a two-step acid-catalyzed hy- 
drolysis procedure (A2 ) [ 201. In the first step TEOS, ethanol, water, and HCl 
were combined in the molar ratios: 1.0:3.8:1.0:7.0~10-4 and refluxed at 60°C 
for 90 min. In the second step additional acid and water were added at room 
temperature resulting in the final molar ratios (TEOS:CH,CH20H:H20:HC1): 
1.0:3.8:5.1:0.06. The sols were allowed to age at 50°C for a period of 10 h to 
promote polymerization as monitored by small angle X-ray scattering (SAXS) 
[ 211, and then diluted 2:l with ethanol (volume ethanokvolume sol). A sche- 
matic of our experimental procedure is presented in Fig. 1. 

Sol deposition 

Membranes were fabricated by casting/dip coating the sol onto the inner 
surface of a tubular alumina support supplied by Alcoa (now supplied by U.S. 
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Fig. 1. Schematic of the sol and membrane preparation and characterization. 

Filter) with a nominal pore diameter of 40 A. Short sections of the tube of 
approximately 5 cm length were cut with a diamond wafering saw, cleaned with 
carbon dioxide “snow”, and outgassed in helium at 150 ’ C for 8 h prior to mem- 
brane deposition. The outgassed tubes were then mounted on a linear trans- 
lation stage in a dry box and dipped into the sol at a rate of 20 cm/min. The 
contact time between the sol and the support was kept at 100 s for all the 
samples unless otherwise stated. The tubes were then withdrawn at a rate of 
20 cm/min and allowed to dry in a flowing nitrogen ambient for 15 min. Com- 
panion thin film samples were deposited from the same sol on solid < lOO> 
single crystal silicon wafers for ellipsometric measurements [ 211. The depos- 
ited membranes and films were calcined in air at a rate of lo C/min to 400” C, 
soaked at 400°C for 10 min, and cooled to room temperature. Thicker mem- 
branes were prepared by carrying out several dipping and calcination steps. 

Silylation reaction 

Surface silylation comprised reaction of the membrane surface silanol groups 
with an amine-derivatized silylation agent, N- (2-aminoethyl) -3-aminopro- 
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i-OH + MZLi- (CH &NH(CH.&NH2 
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i - 0 -,Si-(CH&NH(CHdpH2 + MeOH 
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Fig. 2. Schematic representation of the silylation reaction on the membrane surface. 

pyltrimethoxysilane (H2N (CH2)2NH (CH,), Si(OCH,)3), as shown in Fig. 2. 
In a typical experiment, the calcined membrane surfaces were reacted with 100 
ml of methanol containing 2.2 g of H2N(CH2)2NH(CH2)3Si(0CH3)3 with 
rapid stirring for 20 h at room temperature. The tubes were then washed in 
methanol for 1 h and dried at lOO-115°C for 1 h. The amount of silylating 
agent used was in large excess of the stoichiometric amount needed for the 
complete reaction of the hydroxyl groups, assuming a surface coverage of hy- 
droxyl groups of 4.6 OH/rim’, a membrane surface area of 800 m’/gm (typical 
values for an A2 xerogel) [20], and a membrane thickness of 1000 A (based 
on X-ray fluorescence and transmission electron microscopy measurements 
[211). 

Metal dispersion 

Two approaches were taken to disperse rhodium in the ceramic membranes. 
In one approach, amine derivatized membranes (prepared by silylation as de- 
scribed above) were reacted with [(1,5-COD) RhC112 (where (1,5-COD) is 
1,5-cyclooctadiene) to produce a molecular dispersion of metal on the surface 
of the membrane as depicted schematically in Fig. 3. This reaction stoichi- 
ometry is based on model experiments using tetramethylethylenediamine, 
TMEDA, where the product (l,5-COD)ClRhN(CH,),(CH,),N (CH3)2Rh- 
(1,5-COD)Cl is formed. The rationale for the choice of [ (1,5-COD) RhC112 as 
a source of rhodium metal is based on the observation that Rh’ compounds are 
easily reduced to form Rho metal, and that nanometer-sized metal rhodium 
crystallites can be formed. Furthermore, studies of the reaction of [ (1,5-COD) 
RhC112 with TMEDA reveal that 1,5-COD ligands remain intact to form [ (1,5- 
COD ) RhCl] ,TMEDA with the structure analogous to that proposed in Fig. 3 
based on multinuclear solution nuclear magnetic resonance (NMR) experi- 
ments. The thermal decomposition of [ (1,5-COD) RhCl] ,TMEDA was stud- 



N.K. Raman et ~l.~App~. Catal. A 96 (1993) 63-82 

Fig. 3. Depiction of hypothesized mechanism for complexation of the [(1,5-COD) RhCl], pre- 
cursor with the silylated surface. 
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Fig. 4. Thermogravimetric analysis data for [ (l&COD) RhCI I2 TMEDA under (a 1 air ambient 
(dashed line) and (b) 7% hydrogen in nitrogen atmosphere (solid line) showing the difference in 
thermal decomposition behavior. 

ied under a number of different conditions. Thermogravimetric analysis (TGA) 
studies in air (see Fig. 4) revealed mass changes that correspond to the follow- 
ing transformations: (1) loss of TMEDA (ea. 120 -175”C), (2) loss of 1,5- 
COD (ca. 270-310” C ), (3 ) loss of Cl (ca. 360-375 ‘C ) to form Rho, and finafly 
oxidation at ca. 550°C to form Rh203. The formation of crystalline Rho and 
Rh203 were confirmed by X-ray diffraction (XRD ). 

The formation of Rho under these conditions is close to conditions where 
there may be concerns about thermal stability of some ceramic membrane ma- 
terials. Thermal decomposition under hydrogen occurred under much milder 
conditions. A weight change consistent with the loss of TMEDA was observed 
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first (ca. 120-140” C ) analogous to the sample heated in air. However, in a 
hydrogen atmosphere this was immediately followed by the loss of l,&COD 
and Cl to form RhO metal by ca. 220’ C (see Fig. 4). As a result of these exper- 
iments, the thermal decomposition of the amine-complexed [ (l,&COD) 
RhCl], in the membrane was carried out at 200-220°C under a hydrogen 
atmosphere. 

The reaction with [ (l&COD) RhC112 was conducted in the following man- 
ner. The silylated membrane tube was mounted in a Teflon coating cell which 
enabled the inside of the tube to be filled (keeping the outside dry) with a 
solution of tetrahydrofuran (THF) containing about 100 mg of [ (l,&COD) 
RhCl], compound. The reaction was carried out for 2 h at 30°C. The tubes 
were then washed in THF for about 30 min and reduced in a tube furnace at 
200-225°C with hydrogen flowing at 15-20 cm3/min for about 2 h to form 
dispersed metal crystallites. 

The second approach that was utilized involved wet impregnation of the 
non-silylated silica membrane layer with a rhodium (III ) acetylacetonate 
(Rh (acac)3) solution. After formation of the membrane layer as described 
above, the tube was mounted in the Teflon cell and the inside surface was 
contacted with a Rh(acac), solution (100 mg of Rh (acac)3 dissolved in 25 ml 
of THF) for a period of 1 h at 25°C. The membrane tube was then washed in 
THF by soaking for 30 min, calcined in air at 200” C for 2 h (ramp rate of 2 o C,/ 
min), and reduced in flowing hydrogen for 2 h at 200°C. The rationale behind 
this approach was to use a commonly encountered organometallic which could 
be deposited using similar solvents and washes, and might have some direct 
chemical interaction with the membrane support f16] without utilizing the 
silylation treatment, thus providing a basis for comparison for the other 
technique. 

~tr~tural c~ructer~~utio~ of membranes 

X-ray fluorescence 
Broken fragments of the coated supports were examined by a micro X-ray 

fluorescence method (FisionsfKevex Omicron EDS Analyzer) to determine 
the area1 averaged content of the composite membrane/suppo~ structure. Mi- 
cro-spot analysis was used to avoid errors due to curvature effects. Silicon con- 
tent per unit area was converted to thickness by assuming all the silicon was 
contained in a discrete silicate layer of density 2.0 g/cm3. 

Transmission electron microscopy (TEM) 
Two different methods were used for preparing TEM samples. Samples for 

cross-sectional viewing were prepared by mounting broken fragments of the 
membrane/suppo~ structure onto fused silica cylinders such that the mem- 
brane layer was adjacent to the fused silica surface. These samples were sec- 
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tioned with a diamond wafering saw, ground and polished to a thickness of 
about 1 pm, and ion milled to a thickness of several hundred angstroms. Cross- 
sectional TEM was performed using a Philips Model CM-30 300 kV analytical 
instrument equipped with a LINK EDS analyzer. Plan-view TEM samples 
were prepared by scraping the membrane layer with a sharp metal knife onto 
carbon coated TEM support grids. This method provides plan-view imaging of 
the membrane through the silicate layer and an uncontrolled thickness of the 
y-alumina layer. A JEOL ZOOOFX instrument equipped with a Tracor-North- 
ern EDS analyzer was used for the plan-view imaging. 

Ellipsometry 
Thickness and refractive index of the companion thin film samples depos- 

ited on silicon wafers were measured using a Rudolph Model A~OELIV el- 
lipsometer by assuming an absorption coefficient of 0. 

Transport measurements 
Single-gas permeabilities of the uncoated support and coated membranes 

were measured as a function of pressure using helium and nitrogen. The tu- 
bular membrane was supported in a gas flow cell so that compression of viton 
gasket material at the ends of the membranes prevented bypassing. Com- 
pressed pressure-regulated gas at room temperature was flowed into the an- 
nulus of the membrane, with the flow-rate set using a mass flow controller, and 
exited at the outside of the membrane. The pressure drop across the membrane 
was measured using pressure gauges, and the average pressure across the mem- 
brane could be varied using a valve downstream from the flow cell. The meth- 
odology employed for the permeability measurements was as follows. Mem- 
branes or supports were loaded into the flow cell and outgassed at approximately 
150°C for 8 h with a continual helium flow of ca. 10 cm3/min. The flow cell 
and membrane were then allowed to cool to room temperature before begin- 
ning the permeability measurement. The permeability measurements were then 
conducted by measuring the pressure on both sides of the membrane as a func- 
tion of the steady-state mass flow-rate permeating the membrane. 

RESULTS AND DISCUSSION 

When preparing a membrane by slip-casting or dip-coating from a polymeric 
sol, the pore size and pore volume depend [ 201 on the structure of the inorganic 
polymers (e.g. size and mass fractal dimension), the reactivity of these species 
(e.g. the condensation or aggregation rates), the time scale of the deposition 
process (related to the casting time, substrate withdrawal rate, and film thick- 
ness), and the magnitude of the shear forces and capillary forces that accom- 
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pany membrane deposition (related to the surface tension of the solvent and 
possible surface tension gradients in mixed solvents). See Fig. 5. 

One strategy for the preparation of ultramicroporous membranes from po- 
lymeric sols relies on the concept of mutual transparency or opacity of fractal 
clusters. Mandelbrot [ 221 has shown that if two structures of radius r, and 
mass fractal dimensions Dl and 02 are placed independently in the same re- 
gion of space, the mean number of intersections M,,z is expressed as 

Dl+DZ-d Ml,2 CC rc 

where d is the dimension of space. Thus, in three dimensions, if each structure 
has a fractal dimension D less than 1.5, the probability of intersection de- 
creases indefinitely as rC increases. These structures are mutually transparent: 
during membrane formation they should freely interpenetrate one another as 
they are forced into close proximity first by the increasing concentration and 
then by capillary forces accompanying drying (see Fig. 5 ). This situation should 

COLLAPSE AND/ 
ORE FORMATION 

AGGREGATION 

ALCOHOL/WATER 
EVAPORATION 

SURFACE 

DILUTE SOL 

PORE SIZE CONTROLLED BY: 

- SIZE, STRUCTURE, COMPOSITION 

- RATES OF CONDENSATION/ 
EVAPORATION/FLOW 

- AGING 

- CAPILLARY PRESSURE 

Fig. 5. Physical and chemical processes which occur during membrane preparation by dip coating/ 
casting, and which determine pore size of the membrane. 
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yield very small pore sizes. SAXS analysis of the sol prior to film deposition 
indicated a Guinier radius of the silicate polymers RG z 17 A and a mass fractal 
dimension D w 1.23, satisfying the conditions for mutual transparency. In ad- 
dition, the sol was deposited under acidic conditions where the polymerization 
rate should be nearly minimized. This too promotes polymer interpenetration 
and small pore sizes. 

Cross-sectional TEM analysis showed the membrane layer to be featureless 
at magnifications of 1 Mx, consistent with an ultramicroporous texture. A sharp 
membrane/support interface was observed although EDS analysis indicated 
minor amounts of silicon in the support to depths of less than 1000 A. See 
section Structural characterization of catalytic membranes and ref. 21. Based 
on X-ray fluorescence (XRF), TEM [ 211 and ellipsometry measurements the 
thickness of the deposited membranes was estimated to be ea. 1000 A. These 
observations are consistent with the results reported by Uhlhorn et al. [ 23,241. 
Utilizing similar supports and silica membrane preparation, they estimated 
the silica layer to be 300-600 A. However, comparison with their work is very 
dif~cult because a single-step hydrolysis procedure was used for sol prepara- 
tion, rather than the two step procedure used here. Even with the two-step 
procedure, relatively subtle changes in conditions, such as pH, can dramati- 
cally effect the sol characteristics, support penetration, and membrane prop- 
erties [21]. The pore diameter of the deposited silica layer, though not yet 
definitively determined, was estimated to be less than 10 A based on permea- 
bility measurement and analysis, and sorption measurements of films on dense 
substrates made using a surface acoustic wave (SAW) device [ 211. 

Ellipsometry of companion samples deposited on silicon by dip coating in- 
dicate a film thickness of 1250 A and refractive index of 1.435. If we assume 
the siloxane skeleton to have refractive index identical to fused silica (ca. 1.45), 
this refractive index is consistent with a porosity of ~5% according to the 
Lorentz-Lorenz analysis [ 201. Most likely the refractive index of the hydroxyl 
terminated siloxane skeleton exceeds 1.45, so the actual porosity is probably 
2 5%. Though the properties of a membrane layer deposited on a porous sup- 
port cannot generally be assumed to be the same as films deposited on dense 
substrates [ 201 due in part to different time scales of the deposition processes, 
the fact that the sols were prepared under conditions where the condensation 
rate is nearly minimized should minimize differences between the membranes 
and companion films [ 25,261, and thus should provide a reasonable estimate 
of the membrane properties, as well as a check on the sol properties. 

Tra~~rt c~aracter~tics of cata~yt~ ~rn~r~nes 

Single-gas permeability measurements were carried out at room tempera- 
ture on the support after each step of the catalytic membrane preparation (de- 
position, silylation, reduction) to determine the effects of the preparation on 
pore size reduction or pore plugging. The permeation data are reported in units 
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of cm3/cm2 s cm Hg (which we call “permeance”), rather than Barrer units (1 
Barrer = lo-” cm3 cm/cm” s cm Hg ), because the appropriate layer thickness 
to apply is unclear in such a composite structure. The reported units thus rep- 
resent the flux arising due to the total transport resistance offered by the sup- 
port plus coating(s) . One coating of the membrane prepared from an A2 sol 
(10 h aging, 2:l dilution, 100 s dipping time) caused a reduction in permeation 
rate by about 80% for both helium and nitrogen. The helium and nitrogen 
permeances were essentially independent of pressure before and after the 
membrane layer deposition, indicating Knudsen-like transport behavior (Fig. 
6). The He/N2 ideal selectivities before and after membrane coating were 1.6 
and 1.4, respectively. These values are below ideal Knudsen values because of 
the elevated downstream pressure, and also perhaps due to nitrogen surface 
diffusion. 

Upon silylation and drying of the above membrane a further reduction in 
the helium permeance of about 15% was found to occur (Fig. 6). The He/N2 
selectivity changed from 1.4 to 1.3, a difference which is not significant. The 
reduction in permeance with silylation could be explained in several ways: (1) 
an effective reduction in average pore size due to incorporation/reaction of the 
silylating agent on pore walls, (2) partial pore blockage by the silylation com- 
pound or organic products derived from it, or (3) since methanol was used as 
a solvent for the silylation reaction, esterification of the silanol groups and 
siloxane bond alcoholysis [20] could have occurred as observed during the 
aging of bulk, wet silica gels in various fluids [ 271. 

Reaction with [ (l&COD) RhCl], and subsequent hydrogen reduction 
caused the permeance to drop further by about 40% (Fig. 6). A negligible change 
in He/N, selectivity occurred after metal dispersion. The permeance reduction 

Fig. 6. Helium permeance of the membrane for each of the processing steps of the silylation- [ (1,5- 
COD) RhCl]* reaction approach. (0 ) Support, (0 ) support+ membrane, (A ) after silylation, 
(m)after metal reduction. 
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was probably due to partial blockage of pores or pore size reduction caused by 
the metal particles and/or by deposition resulting from the silylation treat- 
ment. Because of the size of the ligands, the [ (COD) RhCl] 2 precursor, which 
has a maximum dimension of ca. 10 A, was not expected to penetrate the ul- 
tramicroporous separation layer to a great extent (TEM observations dis- 
cussed in the next section verified that rhodium was only deposited on the 
surface). Therefore, any incompletely removed organic material derived from 
the metal precursor was most likely confined to the membrane surface and 
should not have contributed significantly to the reduced permeability. 

Permeation measurements were also made at each stage of the Rh( acac)3 
impregnation approach. Helium permeance decreased dramatically following 
the Rh ( acac)3 impregnation, THF wash and calcination at 200°C in air (Fig. 
7). This was probably due to partial pore blockage or pore size reduction re- 
sulting from undecomposed or partially decomposed Rh(acac),, or to metal/ 
metal oxide decomposition products within the pores. TGA measurements in 
air and oxygen revealed no significant decomposition of Rh(acac), until ca. 
250°C. However, some decomposition may have occurred during the long pe- 
riod of the calcination. Following the metal reduction step the permeance in- 
creased to a level higher than the untreated membrane, and showed a pressure 
dependence indicative of viscous flow. These results suggest that volatiles pro- 
duced by the reduction of Rh (acac), located within the pores generate defects 
with pore sizes large enough to support viscous flow (i.e. pore size > > gas 
mean free path). The silylation approach, in contrast, apparently prevented 
the metal-organic precursor from entering the pores, thus avoiding disruption 
of the membrane layer during decomposition of the metal-organic precursor. 
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Fig. 7. Helium permeance of the membrane for each of the processing steps of the Rh(acac), 
impregnation reaction approach. (11) Support, (0 ) support + membrane, (A ) after metal im- 
pregnation + calcining, ( q ) after reduction. 
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Structural characterization of catalytic membranes 

Cross-sectional TEM of the sample prepared using silylation with the [ (1,5- 

COD) RhCl], p recursor (Fig. 8) revealed that the rhodium particles were dis- 
persed exclusively at the surface of the silicate layer. It is likely that the par- 
ticles were trapped at the surface of the membrane because the precursor mol- 
ecules were too large to penetrate the small tortuous pores of the silylated silica 
layer. Work is presently underway to determine whether the Rh (acac ) 3 prep- 
aration technique also traps the rhodium particles at the surface of the mem- 
brane, or whether that precursor is able to penetrate the ultramicroporous layer 
(cross-sectional TEM has not yet been obtained for the Rh(acac), treated 
membrane ) . 

Figs. 9a and b show dark-field images from the plan-view TEM samples. Fig. 
9a shows the sample derived from surface-confined [ (COD) RhCl] 2, and Fig. 
9b shows the Rh (acac),-derived sample. In both cases, the rhodium particles, 
seen as light particles against a dark background, are well dispersed throughout 
the sample. The sample derived from surface-confined [ (COD) RhCl] 2 con- 
tains more rhodium particles with an average particle size of ca. 6 nm. The 
Rh (acac),-prepared sample contains fewer rhodium particles of a smaller size 

Fig. 8. Cross-sectional TEM image of rhodium particles attached to surface of porous SiO, layer 
on y-A&O3 membrane support prepared by the silylation- [ (1,5-COD) RhCl12 reaction approach. 
Region A indicates y-AlsO support layer, B indicates porous SiOo layer, and C indicates layer of 
rhodium particles. 
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Fig. 9. Plan-view TEM image of rhodium particles on porous SiOz layer on y-A&O8 membrane 
support. Arrows indicate rhodium particles. (a) Prepared by Rh(acac)3 impregnation method. 
(b) Prepared by the silylation- [ (1,5-COD) RhCl], reaction method. 

(average size ca. 4 nm). EDS spectra from the two plan-view samples indicated 
that there was approximately 60% more rhodium per mass of silicon in the 
[(COD) RhCl], sample than in the Rh(acac), sample, as measured by peak 
intensities of the K, energies. Since the strength of the interaction of Rh (acac) 3 
with the silanol surface is much less than that of [ ( COD)RhC112 with the 
silylated surface, the THF wash procedure probably removed most of the sur- 
face Rh(acac), leaving only Rh (acac), that had penetrated the pores. This 
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explains the lower surface coverage and slightly reduced particle size using the 
Rh(acac), approach. Use of a higher Rhtacac), concentration without the 
THF wash led to slightly larger particles and a higher particle loading. 

SUMMARY AND CONCLUSIONS 

From the standpoint of preparing an attractive catalytic membrane, it is 
desirable to achieve a high catalytic surface area without a detrimental impact 
of the catalyst dispersion technique on the membrane permselectivity. Two 
approaches utilizing metal-organic precursors were utilized to disperse rho- 
dium metal particles onto an ultramicroporous silica membrane. One approach 
involved reaction of membrane surface silanols with a silylating agent 
[H2N(CH2)2NH(CH2)3Si(OCH3)3] to provide reactive sites to complex the 
metal-organic precursor [ (1,5-COD) RhCl] 2, followed by reduction in hydro- 
gen. The second approach involved impregnation of a metal-organic precursor 
[ Rh (acac ) 3 J solution into the microporous support, followed by air calcina- 
tion and hydrogen reduction. The silylation/metal-organic reaction approach 
led to a high coverage of nm-sized rhodium particles which were confined to a 
discrete layer on the surface of the membrane. Apparently, the large size of the 
[ (l,&COD) RhClJ2, coupled with pore size reduction due to silylation, pre- 
vented significant penetration of the precursor into the pores of the membrane 
layer. This approach led to a controllable dispersion of rhodium on the surface 
of the membrane with no disruption of the membrane during the precursor 
decomposition. In addition, the reduced metal was dispersed using a relatively 
low-temperature (ZOO°C) reduction, which may have advantages with respect 
to membrane stability compared to techniques which require higher tempera- 
ture oxidative heat treatments. A modest reduction in membrane permeability 
(ca. 40% ) occurred, probably due to pore size reduction resulting from silyla- 
tion or partial pore blockage by rhodium particles. 

With the Rh(acac), approach, there is less control of metal loading, disper- 
sion, and location. Since the interaction of Rh ( acac)3 with the surface silanols 
is much less strong than [ (1,5COD) RhCl], with the silylation agent, the 
Rh (acac), treatment resulted in lower surface coverage of metal and the metal 
is not as effectively constrained to a surface layer. Though the Rh (acac), mol- 
ecule is comparable in size to that of [ (1,5-COD) RhC112, Rh (acac), is appar- 
ently able to penetrate into the non-silylated ultramicroporous layer due to the 
larger pore size and a reduced “capture” efficiency. This ultimately leads to 
disruption of the membrane layer due to decomposition products evolved dur- 
ing the reduction step. 
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