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Foreword 

i H E ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset, but are reproduced as they are submit
ted by the authors in camera-ready form. Papers are reviewed 
under the supervision of the editors with the assistance of the 
Advisory Board and are selected to maintain the integrity of the 
symposia. Both reviews and reports of research are acceptable, 
because symposia may embrace both types of presentation. 
However, verbatim reproductions of previously published 
papers are not accepted. 
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Preface 

CATALYSTS PREPARED IN UNCONVENTIONAL FORMS can yield many 
benefits. Researchers are no longer content merely to investigate the 
behavior of a supported metal dispersed on either a powdered or pelleted 
carrier. This stereotypical approach has been replaced by a desire to 
exploit the opportunity afforded either by producing metal particles via 
novel routes or by supporting them in unusual locations on a carrier 
material. Using sophisticated molecular beam techniques, researchers 
now produce clusters consisting of a few atoms of a metal, which can pos
sess quite different chemical and electronic properties from that of the 
bulk metal. As an example, the degree to which hydrogen and alkanes 
are chemisorbed on metal clusters is extremely sensitive to the number of 
atoms constituting the cluster and, as a consequence, this aspect can 
induce massive changes in the selectivity of such a catalyst system. 

The supports used in heterogeneous catalysis are also at a stage 
where major innovations are on the horizon. Control of pore size and 
volume, in combination with acidity and high-temperature stability of 
surface-modified aluminas, promise years of fertile research. New sup
port materials do not necessarily require a unique bulk phase, because 
designed surface structures on conventional materials can produce a wide 
spectrum of novel carriers. By taking advantage of the aforementioned 
features, major advances are expected in this area. 

Improvements in the resolving power of transmission electron micro
scopes, coupled with the advent of the exciting new technique of scanning 
tunneling microscopy, are now providing an abundance of information on 
the growth and structural characteristics of individual metal clusters sup
ported on a variety of substrate materials. These and other techniques 
have shown that the melting temperature of small metal particles 
decreases in a systematic fashion with decreasing particle size. This 
phenomenon is one of the key factors in determining the sintering 
behavior, and hence the activity maintenance, of a supported metal 
catalyst system. 

Ceramic membranes, a relatively new class of material, offer 
numerous advantages over conventional catalysts as support media. They 
have a controlled, stable, pore-size distribution. This allows for selective 
removal of certain gas-phase products from the reaction zone and makes 
it possible to enhance the yield of products from themodynamically lim-

ix 
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ited or product-inhibited reactions. Additionally, the ability to conduct 
two sequential catalytic reactions at the same time is possible simply by 
depositing different metals on either side of the membrane. 

Molecular sieves continue to be a fruitful field for study, and the 
search for new routes for the synthesis of both aluminophosphate and 
aluminosilicate (zeolates) structures is an area of considerable activity. 
Recent crystallization studies performed in space raise the question of 
whether a higher quality molecular sieve catalyst could be produced under 
these conditions. The laminated sandwich structures displayed by pillared 
clay materials provide certain advantages over the caged structures found 
in molecular sieves. The former contain relatively large pore openings 
and allow access to larger reactant molecules. Unfortunately, their ther
mal stability, especially in a wet environment, is a limiting factor, and 
development of more stable structures is currently being pursued 

In the areas of fuel production and utilization the focus is in two 
directions: the search for an unsupported catalyst for use in direct coal 
liquefaction processing, and the development of catalysts capable of gen
erating specialty byproduct chemicals from coal and petroleum feedstocks. 
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Chapter 1 

Crystallization in Space 
Implications for Molecular Sieve Synthesis 

Charles W. J. Scaife1, S. Richard Cavoli1,3, and Steven L. Suib2 

1Department of Chemistry, Union College, Schenectady, NY 12308 
2Departments of Chemistry and Chemical Engineering and Institute 

of Materials Science, University of Connecticut, Storrs, CT 06269-3060 

Crystals of lead iodide were grown on the September 1988 
NASA Discovery mission in order to ascertain some of the 
important conditions for growth of high purity materials in 
space. Solutions of lead and of iodide ions were allowed 
to diffuse from opposite sides of a cellulose membrane at 
zero gravity aboard the spacecraft. Control experiments 
done under earth's gravity were also carried out. A com
parison of the composition, surface, structural and elec
tronic properties of the crystals grown on earth and in 
space has been made. In addition, videotaping of the 
crystallization processes has shown that crystals grown on 
earth only form on the lower half of the membrane while 
space grown crystals form over all of the membrane. 
Space grown crystals also grow in isolated regions of sol
ution away from the membrane in contrast to earth grown 
crystals. Results of characterization studies suggest that 
the space grown crystals are purer and better insulators 
than the earth grown crystals. The implications of these 
results in relation to the growth in space of other materials 
such as molecular sieves are discussed. 

Research in space is important in several areas including preparation 
of new materials, new physical phenomena, biological science, and 
crystal growth. Several recent efforts in the area of crystal growth in 
3Current address: Medical School, State University of New York, Buffalo, NY 14150 

0097-6156/90A)437-O002$06.00/0 
© 1990 American Chemical Society 
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1. SCAIFE ET AL. Crystallization in Space 3 

space and in simulations of zero gravity on earth have been made. 
Manufacturing and research efforts in space have recently been re
viewed (1). The role of space travel and experiments in the chemistry 
curriculum has also been addressed (2). 

Convection effects (3 — 4) due to gravitational fields are often 
thought to be important in crystal growth processes. One specific ex
ample is the floating zone process for the production of doped semi
conductors and alloys (4). Particle contaminants and oxygenated 
species aboard space vehicles are also important factors in the crystal 
growing process (5 — 6). Several clever characterization experiments 
such as the use of holograms during crystal growth in space (7) have 
been developed to determine the mechanisms of nucleation and growth. 

Lead iodide (8) and related materials (9) like PbBr2 are typically 
grown from melt techniques in order to acquire large single crystals. 
In fact, special furnaces (10) were used aboard Spacelab III for prepa
ration of related compounds like Hgl2 . Such materials are often used 
for films in dental and astronomical applications (H) and larger single 
crystals may provide better cathodoluminescent materials that are used 
to develop film that is in contact with these materials. The most com
mon materials typically grown in space are protein crystals and con
siderable progress has been made in the area of vapor diffusion, and 
dialysis growth of proteins in space (12 - 13). 

The research reported here involves the use of a cellulose mem
brane to prepare crystals of lead iodide. The membrane orients crystal 
growth and minimizes random crystal formation (18). The effects of 
temperature and structure of cellulose with respect to transport proper
ties are well known (14). Our goal was to prepare large pure single 
crystals of lead iodide on cellulose membranes by doing experiments 
in space. In turn, these results may be relevant to the preparation of 
other inorganic materials such as molecular sieves. In fact, there are 
known to be gravitational effects in the growth of zeolite A (15). 

The crystal growth of lead iodide in space and on earth is the sub
ject of this paper. All materials were characterized on earth although 
the growth mechanism was filmed at both locations in order to better 
understand differences between earth and space grown crystals. 

EXPERIMENTAL 

APPARATUS DESIGN. Parts to construct five four-chambered, acrylic 
Plexiglas containers shown in Figure 1 were designed and machined at 
Union College. An 8.3 cm outside diameter by 6.4 cm inside diameter 
acrylic Plexiglas tube as well as solid acrylic pieces for endplates, inte
rior bulkheads, and valves were used. Bulkheads and endplates were 
sealed with ethylene propylene Parker O-rings and Delrin screws. 
Valves had ethylene propylene rubber gaskets. Valve handles and 
valve stem collars were aluminum. The total length of the apparatus 
was about 36 cm. The membrane was of natural cellulose with 
6,000-8,000 molecular weight cutoff. 
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4 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

SYNTHESIS OF LEAD IODIDE CRYSTALS. The four chambers were 
filled, respectively, through the fill plugs with 0.0624 M lead (II) acetate, 
Pb(C2H302)2 ; separated by a valve from deionized water; separated by 
the membrane from deionized water; and separated by a valve from ei
ther 0.360 M, 0.180 M, or 0.090 M potassium iodide, Kl. A nitrogen 
bubble about 2 cm in diameter was left in each chamber during filling 
to allow for easy compression or expansion when the interior valves 
were opened. The bubbles were at the top of each chamber during 
earth experiments, but were more nearly centered in each chamber in 
the shuttle experiments. 

Three different Kl concentrations as listed above were used in the 
shuttle experiments. Similar control experiments were done on earth. 
Videotaping of the crystal growth procedure was done with a television 
camera and still shots were also taken at various stages throughout the 
crystal growth experiments in both the shuttle and the laboratory. 

Crystal growth was initiated by diffusion of the salt solutions toward 
the membrane by opening the two valves using exterior valve handles. 
Crystals typically appear within 30 sec to 120 sec after opening the 
valves depending on the iodide concentrations. Iodide concentrations 
were chosen to cause crystallization only on the lead(ll) side of the 
membrane so that photographs would be facilitated. Crystal growth was 
allowed to proceed for at least 40 hours. 

AUGER ELECTRON SPECTROSCOPY AND SCANNING AUGER MI
CROSCOPY. Auger electron spectroscopy and scanning Auger micros
copy experiments were done on both the shuttle and earth grown 
crystals. Samples were mounted by pressing crystals into indium foil. 
A PHI model 610 scanning Auger microscope was used for all exper
iments. This instrument is equipped with a secondary electron detector 
for imaging purposes and a cylindrical mirror analyzer for Auger elec
tron microscopy experiments. A beam voltage of 2 keV and a target 
current of 10 nanoamperes were used in all experiments. Auger elec
tron spectra were collected in the absorption mode and then differen
tiated after data collection. A sample tilt of 30° was used during 
analysis and the pressure in the chamber was less than 1 x 10-8 torr. A 
100 microampere emission current was used. Secondary electron de
tection experiments were run in an analog mode whereas AES exper
iments were done by control of a PDP-1123 computer. Further details 
of Auger experimental conditions can be found elsewhere (16). 

RESULTS 

SYNTHESIS OF LEAD IODIDE CRYSTALS. In the three shuttle exper
iments, crystals grew symmetrically over the entire membrane, and a 
few crystals also grew out in the chamber away from the membrane as 
shown in Figure 2. Some crystals were dislodged from the membrane 
during reentry or during removal of the solutions, but many remained 
attached. On the other hand, with the apparatus lying horizontally in 
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1. SCAIFEETAL. Crystallization in Space 5 

Figure 1. Photograph of Apparatus used for Crystal Growth 

Figure 2. Photograph of Lead Iodide Crystals Grown Aboard the 
Discovery Shuttle Mission 
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6 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

two laboratory experiments, crystals grew only in the lower half of the 
vertical membrane; the upper half of the membrane was free of crystals. 
Crystals gradually formed a shelf out from the horizontal centerline of 
the membrane and also formed a curved support of crystals under the 
shelf and a beard of crystals hanging down from the shelf as shown in 
Figure 3. Late in the growth period some crystals grew on the top half 
of the membrane. Much of the shelf and its support fell to the bottom 
of the apparatus when the solutions were removed. Fast forwarding of 
the videotape of the laboratory experiments shows that crystals are 
falling off the shelf after about 20 minutes of crystal growth whereas this 
is not observed in the shuttle experiment. 

Ten different samples of crystals were available for analyses; those 
on and off the membrane from the three different iodide concentrations 
in the shuttle and those on and off the membrane from the high and low 
iodide concentrations on earth. 

CHARACTERIZATION OF CRYSTALS. Space grown crystals that fell off 
the membrane and corresponding crystals grown in the laboratory were 
both analyzed with Auger electron spectroscopy and scanning Auger 
microscopy methods. An Auger electron spectrum for the shuttle grown 
lead iodide crystals is shown in Figure 4. Peaks are observed for lead, 
iodide, and carbon. The lead transition occurs near 100 eV, the carbon 
transition occurs near 272 eV, and the iodide transitions occur as a 
doublet near 500 eV and 520 eV. Auger peak to peak height analysis 
gives a ratio of l/Pb of 1.9. Similar Auger electron spectra collected for 
the earth grown lead iodide crystals show the same peaks as observed 
in Figure 5. In this case the l/Pb ratio is 1.5. In addition, the relative 
amount of carbon on the earth grown sample is larger than that on the 
space grown sample. Finally, the signal to noise ratio for the shuttle 
grown crystals is much worse than that of the earth grown sample as 
shown in Figures 4 and 5, respectively. 

Scanning Auger micrographs on the shuttle grown crystals show 
that large platelets of about 10 microns width and 30 microns long are 
formed. A scanning Auger micrograph of the shuttle grown crystals is 
given in Figure 6. The long flat lead iodide crystal on the right hand part 
of this photo is somewhat covered with smaller crystals that are resting 
on top of this platelet although there is some intergrowth observed at 
the top of the photo of this crystal. For the most part this platelet is 
quite uniform. Auger analyses on different parts of this sample did not 
show any differences in chemical composition from that of Figure 4. No 
visual observation of beam damage was observed unless the beam 
current was greater than about 10 nanoamperes. 

DISCUSSION 

SYNTHESIS. Crystals of lead iodide growth on earth were formed only 
on the lower half of the membrane indicating that gravitational effects 
are definitely important. The exact reason for the absence of crystals 
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1. SCAIFEET AL. Crystallization in Space 7 

Figure 3. Photograph of Earth Grown Crystals, Showing Half 
Coverage of Membrane 
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10 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Figure 6. Auger Image of Shuttle Grown Lead Iodide Crystals 
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1. SCAIFE ET AL. Crystallization in Space 11 

on the upper half of the membrane is not known although density and 
convection (3 — 4) gradients may be present during mixing of the lead 
and iodide ions. It is also possible that hydrodynamic pressures influ
ence the growth mechanism. 

Another interesting observation of the earth grown crystals is that 
nucleation only occurs on the membrane or on crystals that are at
tached to the membrane. This may have to do with intergrowth and 
twinning of the original crystals. In time, some of the crystals fall to the 
bottom of the reactor due to gravitational effects. 

Crystal growth in the shuttle leads to nucleation all over the mem
brane as shown in Figure 2. Crystals in all experiments only grow on 
the side of the membrane initially containing the lead ions, therefore, 
iodide ions are migrating through the cellulose membrane. It is well 
known that iodide ions can diffuse through several substrates such as 
through silicate gels in the formation of Pbl 2 crystals (17). One signif
icant difference between space and earth grown nucleation processes 
is that space grown crystals do not need to be attached to the mem
brane or to other crystals as is the case with the earth grown crystals. 

The appearance of a shelf of crystals with the earth grown lead iod
ide crystals may indicate that the different ions are mixing near this 
level of the tube. It may be possible that crystals are nucleating above 
this level and then falling down to this level where they attach to other 
crystals and to the membrane. 

It is clear then that there is a great difference between the growth 
mechanism of crystals grown in space and those on earth. More nu
cleation sites are available in the space grown materials since crystalli
zation can occur not only on all parts of the membrane but also in 
solution. This observation has important implications for growth of 
other materials like molecular sieves (15) such as the use of lower than 
normal concentrations in order to decrease the number of nucleation 
sites. This procedure may in fact lead to larger crystals than by using 
larger concentrations. 

CHARACTERIZATION OF LEAD IODIDE CRYSTALS. The AES data of 
Figure 4 suggest that very pure crystals of lead iodide were grown in 
the shuttle. The amount of carbon contaminant is appreciably lower 
than the earth grown crystals (Figure 5) and the ratio of iodide to lead 
is much closer to the ideal ratio of 2 for the shuttle grown crystals than 
the earth grown materials. 

In addition, the signal to noise ratio for the shuttle grown sample is 
much worse than the earth grown crystals. This suggests that the crys
tals grown in the shuttle are better insulators than the earth grown ma
terials. This is consistent with the observation that the earth grown 
materials have more impurities than the shuttle grown crystals. Similar 
results have been found for proteins (12 - 13). The exact reason why 
shuttle grown crystals are more pure than earth grown crystals is not 
entirely clear although it would appear that the mechanism of crystal 
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12 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

growth in space does not rely as heavily on foreign ions as nucleation 
centers. 

CONCLUSIONS 

Results of the shuttle and laboratory experiments suggest that the me
chanism of nucleation of lead iodide crystals on membranes depends 
on gravitational effects. The crystals grown in space are more pure and 
better insulators than earth grown crystals. The observation that earth 
grown crystals only grow on the lower half of the membrane with a shelf 
of crystals growing out from the membrane suggests that secondary 
nucleation is occurring on the surface of the originally formed crystals. 
These data may provide insight for the preparation of other crystals 
grown ih space such as molecular sieves. 
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Chapter 2 

Templates in the Transformation of Zeolites 
to Organozeolites 
Cubic Ρ Conversions 

Stacy I. Zones and Robert A. Van Nordstrand 

Chevron Research Company, 576 Standard Avenue, 
Richmond, CA 94802-0627 

This study concerns the conversion of Cubic Ρ zeolite 
to organozeolites as influenced by a variety of 
quaternary ammonium templates. In general, when tri-
methyl ammonium is attached to a cyclohexane, or more 
elaborated cyclic or polycyclic structure, high 
silica zeolites composed of four- and six-ring s i l i 
cate subunits are produced. Conversion rates are 
proportional to organocation size with adamantane the 
fastest and cyclohexane the slowest. With symmetric 
tetraalkyl ammonium or linear diquaternary ammonium 
templates, organozeolites with predominantly five
-ring subunits are produced instead. In one instance, 
a linear diquat gave no conversion of Ρ and demon
strated an inhibitory effect when a subsequent tem
plate was introduced into the reaction. 

This paper presents r e s u l t s of a continuation of our study (1,2) of 
the conversion of the small-pore z e o l i t e , Cubic P, i n t o various 
o r g a n o z e o l i t e s — l a r g e - , medium-, and small-pore v a r i e t i e s . The main 
focus here i s on the in f l u e n c e of s t r u c t u r e of the quaternary amine 
template molecule on the rates of conversion and on the organo-
z e o l i t e produced. 

Recently, we described the synthesis of an a l l - s i l i c a molecular 
sieve, SSZ-24 ( i s o s t r u c t u r a l with AlPO-5) composed of four- and s i x -
r i n g s i l i c a t e subunits (_3_) · This r e s u l t was unexpected because most 
high s i l i c a syntheses produce st r u c t u r e s r i c h i n f i v e rings 
( p e n t a s i l s ) . This new sieve i s produced i n a r e a c t i o n using 
Ν,Ν,Ν-trimethyladamantammonium c a t i o n . This same c a t i o n can, under 
d i f f e r e n t synthesis c o n d i t i o n s , produce a high s i l i c a form of chaba-
z i t e , SSZ-13 (4,5). And, again, t h i s s t r u c t u r e i s devoid of f i v e 
r i n g s . However, using the simple adamantane amine, c l a t h r a t e s i l i 
cates are produced, mostly f i v e - r i n g s t r u c t u r e s (6-8). This r a i s e s 
questions about how the template, the s i l i c a - a l u m i n a r a t i o , and 

0097-6156/90/0437-0014$06.00/0 
© 1990 American Chemical Society 
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2. ZONES AND VAN NORDSTRAND Templates in Transformation of Zeolites 15 

other f a c t o r s c o n t r o l the features of c r y s t a l s t r u c t u r e . Studies by 
2 9 S i NMR {9) have shown the s i l i c a t e s o l u t i o n s have such a multitude 
of s i l i c a forms that i t i s not c l e a r how c r y s t a l s t r u c t u r e c o n t r o l 
i s achieved. 

We have found a z e o l i t e synthesis r e a c t i o n which i s at the 
boundary between the f i v e - r i n g s t r u c t u r e and the f o u r - and s i x - r i n g 
s t r u c t u r e production. The product depends on the organocation 
used. A second feature of t h i s synthesis r e a c t i o n i s that no amor
phous s o l i d i s involved or produced. This r e a c t i o n derives s i l i c a 
and a l l of i t s alumina from the low s i l i c a z e o l i t e , Cubic P. This 
z e o l i t e , o r g a n i c - f r e e , had been encountered as a t r a n s i e n t phase i n 
the discovery of SSZ-13 . 

Templates represented by the formula Me 3N +R have been used i n 
t h i s work to study the i n f l u e n c e of the R group, which i s r e f e r r e d 
to as the nonpolar end of the c a t i o n . More complex cations have 
been used shedding some l i g h t on the in f l u e n c e of the polar end. 
One c a t i o n examined was not e f f e c t i v e i n converting the Cubic Ρ but 
was e f f e c t i v e i n blocking the surface of the Cubic Ρ so that other 
templates were i n e f f e c t i v e . The study opens questions regarding how 
the polar and the nonpolar ends i n t e r a c t with Cubic Ρ and how they 
r e l a t e to the synthesis of SSZ-13 and other z e o l i t e s ( i n c l u d i n g 
void-filling)· 

Experimental 

The conversion of Cubic Ρ to organozeolites i s observed by fol l o w i n g 
the r i s e i n pH (measured a t room temperature) (J)· X-ray d i f f r a c 
t i o n was used to measure extent of conversion. Z e o l i t e synthesis 
reactions were c a r r i e d out a t 135°C with 30 rpm tumbling i n 
Parr 4745 reactors with Teflon cups. Unless otherwise stated, the 
synthesis mix consisted of 0.50 g Cubic P, 2.5 m i l l i m o l s quaternary 
ammonium h a l i d e , 5.0 g Banco "N" s i l i c a t e s o l u t i o n (38.5% s o l i d s , 
Si0 2/Na 20 = 3.22), and 12 mL water. Cubic Ρ was prepared by r e a c t 
ing "N" s i l i c a t e , water, A 1 2 ( S 0 4 ) 3 , 18H 20, and NaOH a t 140°C f o r s i x 
days u n s t i r r e d . The r e s u l t a n t Cubic Ρ has SiC>2/Al203 = 6. 

Mix f o r For 
Cubic Ρ Subsequent 

Synthesis Synthesis 

A l / S i 0.06 0.06 
Na/Si 1.05 0.72 
OH/Si 0.95 0.65 
N+/Si 0.00 0.10 
H 20/Si 32 32 

Organic syntheses were performed by q u a t e r n i z a t i o n of amines 
according to a new peptide procedure (10). In some instances, the 
amine was not a v a i l a b l e but the dimethyl amino d e r i v a t i v e could be 
produced from the c y c l i c carbonyl using the Leukhart r e a c t i o n (11)· 
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16 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

The dimethyl amine d e r i v a t i v e produced was quaternized d i r e c t l y by 
methyl i o d i d e , added slowly to a c h i l l e d s o l u t i o n of the ternary 
amine i n e t h y l acetate. When other r i n g substituents are present, 
the reductive amination leads to isomeric c o n f i g u r a t i o n s , as noted 
i n Table I. ÇXiaternary ammonium h a l i d e s a l t s were ch a r a c t e r i z e d by 
melting point, TLC, or m i c r o a n a l y t i c a l data and 1H and 1 3 C NMR. 

ESCA analyses were performed on an HP 5950-A instrument. 
Elemental compositions were determined using ICP. SEM photos were 
obtained on a H i t a c h i S-570. 

Results 

Rates of Conversion of Ρ to SSZ-13. Table I i s a l i s t of quaternary 
ammonium iodides used i n t h i s study together with t h e i r abbrevia
t i o n s used here and t h e i r carbon-to-nitrogen r a t i o s . These tem
pl a t e s a l l may be viewed as d e r i v a t i v e s of Me 3N+-cyclohexane by 
f u r t h e r e l a b o r a t i o n of the cyclohexane r i n g . (The s a l t obtained 
from cis-myrtanyl amine a c t u a l l y contains a methylene bridge from 
the c y c l o h e x y l r i n g to the charged n i t r o g e n . This s a l t does not 
lead to SSZ-13 but converts the Ρ very slowly to mordenite. This 
template w i l l not be considered further.) 

A comparison of synthesis of the conventional s o r t , proceeding 
v i a a s i l i c a - a l u m i n a g e l intermediate, and the synthesis used here 
s t a r t i n g with Cubic Ρ z e o l i t e , i s shown i n Figure 1. The synthesis 
with Cubic Ρ i s at l e a s t f i v e times as f a s t as the conventional 
s y n t h e s i s . The template used was 1-Ada. 

The varying rates of conversion of Cubic Ρ to the organozeolite 
SSZ-13 are shown i n Figure 2. The data show that the large adaman
tane d e r i v a t i v e s produced the most r a p i d conversion of Ρ to SSZ-13, 
1-Ada being more r a p i d than 2-Ada. (The 2-Ada d e r i v a t i v e i s " s a l t e d 
out" of s o l u t i o n to a greater extent than the 1-Ada. This may 
account f o r the slower r a t e by 2-Ada. Ihe 9-Non template a l s o has 
t h i s " s a l t i n g out" tendency.) The rate s f o l l o w roughly i n order of 
C/N+ r a t i o , the c y c l o C 6 template showing the slowest r a t e . 

The adamantane d e r i v a t i v e s f i l l the chabazite c a v i t y most com
p l e t e l y , even to the point of some l a t t i c e d i s t o r t i o n ( J J · Other 
f a c t o r s f a v o r i n g the adamantanes include the high C/N+ with conse
quent high hydrophobicity and r i g i d i t y . An i n t e r e s t i n g comparison 
i s that of the norbornane templates and the 3 Me c y c l o C^. These 
a l l have the same C/N+, but the conversion rates f o r the norbornanes 
were f a s t e r and the conversion was more s e l e c t i v e . The product from 
the 3 Me c y c l o C^ conversion contained some mordenite. 

Figure 3 shows the change of pH with time f o r the same tem
p l a t e s . The r e l a t i v e rates are s i m i l a r . The r i s e i n pH i s due to 
rele a s e of NaOH from the b u f f e r , sodium s i l i c a t e , as the s i l i c a i s 
incorporated i n t o the organozeolite. 

The S i 0 2 / A l 2 0 3 values of the SSZ-13 produced were i n the range 
11 to 13. Na/Al values of the s o l i d products dropped from 1.00 ( f o r 
P) to 0.50 (for SSZ-13). Conversion to SSZ-13 as measured by XRD i s 
p r o p o r t i o n a l to the nitrogen content of the s o l i d product, as shown 
i n Figure 4. Data i n t h i s f i g u r e are from various times f o r each of 
the templates i n t h i s study. The same c a t i o n population i s i n the 
SSZ-13, regardless of the template used. 
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2. ZONES AND VAN NORDSTRAND Templates in Transformation of Zeolites 17 

Table I. Quaternary Ammonium Iodides Used i n the Conversion 
of Cubic Ρ to SSZ-13 R-N + (CHoK I " Structures 

R Group and S u b s t i t u t i o n Conformational Abbreviation i n 
P o s i t i o n Isomers C/N+ This Work 

Cis Myrt. 
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18 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Time in Hours at 135°C 

Figure 1. C r y s t a l l i z a t i o n p r o f i l e f o r SSZ-13 synthesis from 
Cubic Ρ z e o l i t e and from conventional a l u m i n o s i l i c a t e hydrogel. 
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ZONES AND VAN NORDSTRAND Templates in Transformation of Zeolites 

1&50 r 

Time in Hours at135°C 

Figure 3. pH change versus r e a c t i o n time f o r the 
c r y s t a l l i z a t i o n of SSZ-13 from Cubic Ρ z e o l i t e i n the presence 
of various organocations· 

Figure 4. % c r y s t a l l i n e SSZ-13 versus nitrogen content i n 
z e o l i t e product. Data obtained f o r conversion of Cubic Ρ 
z e o l i t e using a v a r i e t y of organocations. 
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20 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Conversion to Other Z e o l i t e s . A key question regards the s i g n i f i 
cance of the trimethylammonium group on the template f o r the conver
s i o n of Cubic P. Table II contains the templates studied i n t h i s 
connection. TMA causes conversion to the organozeolite s o d a l i t e and 
at a rate comparable to most of the conversions to SSZ-13 shown i n 
Figure 2. The rates f o r t h i s second p o r t i o n of the study are shown 
i n Figure 5, based on pH measurements. Products i n t h i s p o r t i o n are 
g e n e r a l l y of the p e n t a s i l c l a s s . Rates of the templates other than 
TMA and TEA were r e l a t i v e l y slow. TEA produced mostly mordenite 
plus a l i t t l e beta. 

Diquat 6 produced mordenite, but a t a slow rate i n s p i t e of 
having trimethylammonium groups. In conventional synthesis and a t 
A l / S i of 0.02 to 0.07, Diquat 6 i s quite e f f i c i e n t i n producing 
EU-1 (12); but i n the present synthesis s t a r t i n g with Cubic P, the 
conversion was slow and no EU-1 was made. 

ZSM-5 Formation. In e a r l i e r work ( J j , i t was found that with lower 
concentrations of TPA, Cubic Ρ was not converted to other z e o l i t e s 
over s e v e r a l days. However, when TPA was used a t higher concen
t r a t i o n s of t h i s study, slow production of ZSM-5 was observed. SEM 
photos of the product showed large c r y s t a l s of ZSM-5 and small 
aggregates of Cubic P. When these two types of c r y s t a l s were 
separated by sedimentation from an u l t r a s o n i c bath, the e l e c t r o n 
microprobe showed the ZSM-5 was only s l i g h t l y enriched i n s i l i c a . 

The slow conversion of Cubic Ρ brought about by TPA may be 
a t t r i b u t e d to the greater s h i e l d i n g of the charged nitrogen by the 
propyl group compared to the methyl and e t h y l groups. 

I n h i b i t i o n . Diquat 4 produced no change i n Cubic Ρ during s e v e r a l 
days a t 135°C, and the pH d i d not r i s e above the i n i t i a l value. 
Examination of t h i s Ρ sample by ESCA showed considerable ion 
exchange had occurred, the sodium being replaced by nitro g e n . The 
Cubic Ρ from a TPA conversion experiment showed much l e s s i o n 
exchange· 

An experiment was conducted which showed that Diquat 4 e f f e c 
t i v e l y blocked the surface of Cubic P, preventing i t s conversion by 
a normally e f f e c t i v e template. A corresponding experiment showed 
that TPA d i d not block the surface. The Cubic Ρ was heated a t 100°C 
f o r s e v e r a l days with e i t h e r Diquat 4 or TPA, then washed and sub
j e c t e d to the normal synthesis r e a c t i o n using 2-exo-Nor as template. 
Both XRD and pH (Figure 6) showed that Diquat 4 g r e a t l y retarded the 
conversion to SSZ-13 and that TPA d i d not r e t a r d the conversion. 
Two f a c t o r s may be responsible f o r t h i s d i f f e r e n c e i n bloc k i n g con
v e r s i o n . The d i f f e r e n c e i n s h i e l d i n g of the charged nitrogen by the 
methyl versus the propyl groups should favor stronger r e t e n t i o n of 
the Diquat 4. Also, the Diquat 4 may have the advantage of a 
"bidentate l i g a n d " i n i t s exchange r e t e n t i o n on the Cubic Ρ s u r f a c e . 

Discussion 

A number of templates having the trimethylammonium group attached to 
a cyclohexane r i n g (and d e r i v a t i v e s thereof) produce the high s i l i c a 
chabazite, SSZ-13. The rate of conversion of Cubic Ρ to SSZ-13 
increases as the nonpolar group increases i n s i z e up to C 1 Q group, 
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2. ZONES AND VAN NORDSTRAND Templates in Transformation of Zeolites 21 

Table I I . Quaternary Ammonium Compounds Used i n the 
Conversion of Cubic Ρ Z e o l i t e to Organozeolites 

Compound C/N + Abbreviation i n This Work 

(CH3)4N+Br- ( a ) 

4 TMA 

(CH3CH2)4 N + Br"(a) 

8 TEA 

(CH3CH2CH2)4 N + Br"(a) 

12 TPA 

(CH3)3 N +-(CH 2) 4-N +(CH 3) 32l (- ) 

5 Diquat 4 

(CH3)3 N + (CH 2) 6-N + (CH3)32Br-(a) 

6 Diquat 6 

ON+-CH3.<-) 8 3-Quin-OH 

HO 
Commercial m a t e r i a l from A l d r i c h Chemical Company, used as 
rec e i v e d . 

13.00 
• TMA Δ Diquat 6 

• TEA Ο 3-QuinOL 

Ο TPA V Diquat 4 

50 100 
Time in Hours at 135°C 

150 

Figure 5. pH change versus r e a c t i o n time f o r the 
c r y s t a l l i z a t i o n of organozeolites from Cubic Ρ z e o l i t e i n the 
presence of various organocations. In t h i s s e r i e s (Table I I ) , 
none of the products are SSZ-13. 
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13.00 
• Rate for C 7 Exo 

ο Rate for C 7 Exo After Diquat 4 Treatment 

£ 12.50 

12.00 
100 0 50 

Time in Hours at 135°C 

Figure 6. The i n h i b i t i o n of Cubic Ρ z e o l i t e conversion to 
SSZ-13 when the Cubic Ρ has been pretreated with Diquat 4. TPA 
Br has no i n h i b i t o r y e f f e c t . 

adamantane. This template i s probably the upper s i z e l i m i t f o r 
f i l l i n g the chabazite cage. 

R i g i d , s p a c e - f i l l i n g c h a r a c t e r i s t i c s may be an important f a c t o r 
for the nonpolar p a r t of the template molecule. For example, the 
norbornane and methylcyclohexyl organocations have the same C/N+ 
r a t i o . But the l a t t e r converted Ρ much more slowly and les s s e l e c 
t i v e l y to SSZ-13. In Figure 7, a s t r a i n e d , high energy conformation 
of the 3-methylcyclohexyl group can mimic the norbornane. If the 
norbornane shape gives a much b e t t e r f i t f o r the chabazite cage, NMR 
study might show i f the methylcyclohexyl group i s forced i n t o s i m i 
l a r c o n f i g u r a t i o n when the chabazite i s synthesized i n the presence 
of t h i s template. 

Other shapes of organocations do not produce SSZ-13 and, 
instead, give a slower synthesis of p e n t a s i l z e o l i t e s (mordenite, 
ZSM-5, beta) or no conversion product a t a l l . This was observed f o r 
l i n e a r s ubstituents on charged nitrogen. Two groups were 
considered: (1) homologous t e t r a a l k y l ammonium compounds and 
(2) t r i m e t h y l ammonium diquats separated by a s t r a i g h t chain 
spacer. So the s i z e , shape, and r i g i d i t y on the nonpolar p a r t of 
the organocation a l l seem to be important f a c t o r s i n the rate and 
s e l e c t i v i t y f o r converting Ρ to chabazite. 

The conversion of Ρ to chabazite proceeds at a superior r a t e 
compared with the conventional synthesis from an a l u m i a - s i l i c a t e 
hydrogel. Our ESCA studies have shown that a s u p e r f i c i a l c a t i o n 
exchange can take place even i n the absence of subsequent conver
s i o n . Shielded organocations l i k e t e t r a p r o p y l ammonium give poorer 
surface ion-exchange. This may be r e l a t e d to the slower rates of 
organozeolite synthesis observed i n t h i s study. The ion-exchange 
which occurs on the surface may be a pr e l i m i n a r y step i n the 
conversion. 
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2-Exo-Norbornane Template 

Figure 7. A representation of how a high energy conformation of 
the 3 Me c y c l o C 6 template might mimic the isomeric 2-ExoNor 
template· 

Some molecules are capable of i n t e r a c t i n g with the surface of Ρ 
leading to an i n h i b i t i o n f o r f u r t h e r organozeolite s y n t h e s i s . The 
s p e c i a l features of t h i s i n h i b i t i o n are a template which does not 
produce a subsequent organozeolite i n i t s own use and a stronger 
surface a f f i n i t y through a "bidendate" behavior. If t h i s i s what 
happens with the Diquat 4, then s p a t i a l considerations are, again, 
important because the l a r g e r Diquat 6 does not give t h i s same com
pl e t e i n h i b i t i o n . 

The general r u l e s f o r transformation of one z e o l i t e to another 
under hydrothermal co n d i t i o n s , as discussed r e c e n t l y by R. M. 
Barrer (13), must include the r o l e of the organic template molecule 
i n adding s t a b i l i t y . This r o l e i s p a r t i c u l a r l y s i g n i f i c a n t i n 
transformations of z e o l i t e to organozeolites as described i n t h i s 
paper· 
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Chapter 3 

Inelastic Neutron Scattering 
from Non-Framework Species Within Zeolites 

J. M. Newsam1, T. O. Brun2,3, F. Trouw2, L. E. Iton2, and L. A. Curtiss2 

1Exxon Research and Engineering Company, Route 22 East, 
Annandale, NJ 08801 

2Materials Science Division, Argonne National Laboratory, 
Argonne, IL 60439 

Inelastic and quasielastic neutron scattering have special advantages for 
studying certain of the motional properties of protonated or organic species 
within zeolites and related microporous materials. These advantages and 
various experimental methods are outlined, and illustrated by 
measurements of torsional vibrations and rotational diffusion of 
tetramethylammonium (TMA) cations occluded within zeolites TMA
-sodalite, omega, ZK-4 and SAPO-20. 

In many heterogeneous catalyst systems we are interested in the interface at a molecular 
level between an organic component and an inorganic matrix. An attractive probe of 
this margin would be one that would yield structural, bonding and dynamical data for 
the organic (or, in some circumstances, the inorganic) component, with an 
interpretation uncomplicated by a contribution from the inorganic (organic) phase. As 
introduced below, neutron scattering can, in a number of cases, provide this 
disproportionately large sensitivity to the organic phase. Neutron scattering cross-
sections are quite small, rendering the technique essentially bulk sensitive, but 
requiring large numbers of scattering centers for effective measurement with the 
relatively modest fluxes available from today's neutron sources. In catalyst studies this 
can be a major problem, for active sites are generally restricted to external surfaces, and 
are therefore relatively dilute. Such is not the case for zeolites and related microporous 
materials (1-8). for which the active surface is internal. 

3Current address: Manual Lujan, Jr., Neutron Scattering Center, Los Alamos National 
Laboratory, Los Alamos, NM 87545 

0097-6156/90/0437-0025$06.00/0 
© 1990 American Chemical Society 
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Up the 50% of the total crystal volume represents pore space, and high effective 
concentrations of organic - substrate couples can thus be generated. 

Neutron scattering has already been applied to a number of topical zeolite research 
areas. Early work (2,1Q) focussed on opportunities for applications of inelastic 
scattering techniques for studying vibrational modes; inelastic scattering experiments 
have continued steadily over the past two decades and represent a large portion of the 
work discussed and cited here. Single crystal neutron diffraction measurements on a 
number of natural zeolite crystals have appeared (11) (although mineral samples often 
contain crystals up to many mm in size, crystals of synthetic zeolites are almost always 
much smaller, ~5μπι or less being typical). Powder neutron diffraction has been 
applied to a number of zeolite problems (12,12), including complete studies of a small 
number of zeolite - hydrocarbon complexes (14-19). Small angle neutron scattering 
has been used to study benzene molecule aggregation in sodium zeolite Y (20), and in 
preliminary studies of template-assisted crystallization (21,22)· Quasielastic neutron 
scattering measurements of, for example, methane in zeolite A (23-25) and benzene in 
mordenite (2® have been reported. In the present paper we focus on the advantages 
that inelastic and quasielastic neutron scattering provide, outlining experimental aspects 
and discussing measurements of torsional vibrations and rotational diffusion of 
tetramethylammonium (TMA) cations occluded within a number of zeolites. 

The Special Advantages of Neutron Scattering 

In systems that do not contain magnetic species, neutrons are scattered by the nuclei. 
Atomic (nuclear) scattering cross sections are, as above, small on an absolute scale. 
Rather large samples, typically several g, are therefore generally required, but apparatus 
for controling the atmosphere, temperature and/or pressure of the sample environment 
can entail only minimal attenuation of the incident and scattered neutron beams, 
facilitating studies under controlled non-ambient conditions. The energy of a thermal 
neutron (~80meV or 645 cnr1) is comparable to the energies characteristic of atomic 
and molecular vibrations. The energy changes that the neutron can undergo on 
scattering can be measured with reasonable precision (resolution) enabling inelastic 
neutron scattering to be used to measure such vibrational spectra. 

The incoherent neutron scattering cross-section for hydrogen is extremely large 
compared to that of other elements (Figure 1 - arising from its I = ±1/2 nuclear spin; 
these two spin states - which occur without correlation from one crystallographic 
proton site to the next - have differing neutron scattering cross sections). This 
incoherent scattering does not contribute information to measurements that require 
coherence from one site to the next (such as those of small angle scattering, diffraction 
or phonon spectra) and, rather, gives rise to a troublesome background in powder 
diffraction measurements on protonated species (alleviated by using perdeuterated 
analogs (14-19)). However, for the single particle excitations sampled by incoherent 
inelastic neutron scattering (IINS) techniques it determines that modes involving 
hydrogen atom motion (which additionally have large amplitudes because of the low 
proton mass) will dominate the measured spectra. 

The neutron scattering process is not subject to the selection rules that govern the 
observability of modes in optical spectroscopies, and, if a detailed model of the atomic 
or molecular motions responsible for the HNS spectra is available, full quantitative 
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Figure 1. Relative coherent and incoherent scattering cross-sections for some 
zeolite atomic species. 
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treatment of both the peak positions and intensities in the HNS spectra is possible. 
Facilities for perfonriing HNS measurements (see below) are accessible at most of the 
major neutron scattering centers. 

A complementary form of scattering arises when the scattering proton is 
undergoing diffusive motion, the energy of the scattered neutron being subject 
effectively to a small doppler shift This quasielastic scattering involves small energy 
transfers, < -lmeV (8cm"1) and is observed as a broadening of the purely elastic peak 
in the spectrum. The signal measures the Fourier transform of the self-self correlation 
function (the probability of finding the proton at point r at time t, when it was originally 
located at the origin at time t=0). For a single diffusional process, the measured width 
of the line is related directly to die correlation time, or the residence time between jumps 
(which are assumed to occur instantaneously), and hence inversely to the diffusion 
constant for the motion. An Arrhenius plot of the logarithme of the width versus 
reciprocal temperature yields the activation energy for the motion. The window of 
observability of proton diffusion by quasielastic neutron scattering techniques 
corresponds to diffusion constants in the approximate range 10-7 to 10-5 cm 2 s"1 (the 
lower limit determined by the available instrumental resolution - some 0.03 μβν for a 
spin-echo spectrometer and the upper limit dictated by the requirement of distinguishing 
a very broad Lorenztian peak from background). The observation of a quasielastic 
component is, however, a signature that proton diffusional motion is occurring on this 
time scale. Analysis of the form of the quasielastic scattering enables inferences to be 
made of the time-scale and also the geometry of the motional process. The geometrical 
information is conveyed by the elastic incoherent structure factor (EISF), that is the 
manner in which the normalized quasielastic intensity (or, equivalently, the difference 
from unity of the non-Bragg elastic component) varies with scattering angle. When a 
model for the diffusional process is available, the shape of the EISF can be calculated 
and compared with experiment. A first indication as to an appropriate model can 
frequently be inferred from the large Q (0=4π8ΐηθ/λ) limit of the EISF. Where 
diffusion entails hopping between adjacent sites, the limiting value of the EISF is 
detennined by the limiting probability of the proton being at its original position. Thus, 
for example, for a proton hopping backwards and forwards between two equivalent 
sites, this limiting probability, and the limiting value of the EISF will be 1/2. 

Measurement Methods And Instrumentation 

Conceptually the simplest way of performing an inelastic scattering experiment is to 
permit a monochromatic (monoenergetic) beam of neutrons to impinge on the sample, 
and to record the scattered intensity at a fixed scattering angle as a function of the Bragg 
angle, 2Θ, of diffraction from a suitable analyzer crystal. As the resolution, ΔΕ/Ε varies 
as AOcotO, the scan is best performed in backscattering mode (large 2Θ). A 
monochromatic incident beam can be extracted from the broad incident spectrum also 
by Bragg diffraction from a suitable monochromator, or alternatively by velocity 
selection in a chopper (in contrast to the constant (in vacuo) velocity of electromagnetic 
radiation, the neutron's velocity, v, scales with its kinetic energy, E, as Ε = mv2/2, its 
wavelength being inversely related to its momentum, λ = h/mv). The correspondence 
between velocity and energy (or wavelength) can be exploited by pulsing the incident, 
monochromatic beam and recording the scattered intensity as a function of the neutron 
arrival time at a detector after scattering from the sample. All the neutrons in a given 
pulse arrive at the sample simultaneously, but those neutrons which gain energy 
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3. NEWSAM ET AL. Inelastic Neutron Scattering from Non-Framework Species 29 

through an inelastic scattering process ('down scattering') then arrive at the detector 
sooner than those that are scattered elastically. The time of flight becomes a measure of 
the energy transfer that has occurred within the sample. 

The measurements of the dynamics of templating TMA+ cations discussed below 
were made on an inverted geometry time-of-flight spectrometer installed at the Intense 
Pulsed Neutron Source (IPNS) of Argonne National Laboratory (Figure 2). In this 
spallation source, the neutrons are generated by stopping a 500MeV proton beam 
pulsed at 30Hz in a uranium target. Neutrons are 'boiled' out of the target nuclei with a 
continuous spectrum of high energies. This pulse of hot neutrons is allowed partially to 
thermalize in a moderator that is viewed by the experimental beam pipes. All of the 
neutrons generated in a single pulse depart from the target/moderator assembly within a 
narrow time window. The neutrons that, following scattering by the sample, have a 
defined energy are detected following Bragg diffraction from pyrolytic graphite 
analyzer crystals (the Be filter selectively scatters out the higher order harmonics 
diffracted by the 004 etc. planes). In any given time-of-flight spectrum, those neutrons 
detected first are those which were the first (most energetic) to reach the sample and 
hence lost most energy in the sample to attain the selected final energy. This 
configuration offers the advantage of being able to record, simultaneously, the time-of-
flight powder diffraction pattern from the sample by using a detector without an energy-
selecting analyzer crystal. 

Some topical examples 

Water, hvdroxvl groups and ammonium cations. Several UNS measurements of 
hydrated zeolites have been reported (2,27-36V The influence of the zeolite host 
structure on the (dis-)ordering and dynamical properties of sorbed water is reflected in 
the frequencies and widths of the translational (centre of mass vibrations) bands at ~10 
- 40meV (80 - 320 cm-1) and the librational bands (restricted rotations) at -60 -
lOOmeV (480 - 800 cm-1). In larger pore zeolites, the degree of définition in the IINS 
spectra is more limited and the spectra more closely ressemble those for water itself 
(although with less order than is developed in ice). Additionally, proton motion 
associated with riding motion of the water molecules on non-framework cations and, 
particularly in the smaller pore systems, coupled framework - water molecule motion is 
suggested. The degree of quantitative interpretation of these various measured data 
remains limited. The vibrational characteristics of bridging hydroxyl groups (37) and 
ammonium cations Q8) in zeolite rho have also been examined by HNS. A related 
application has been the use of IINS to probe hydride formation in small particles of Pd 
within the cages of zeolite Y (39). 

Hydrocarbon sorbate vibrations. IINS spectra have been recorded for a number of 
simple sorbate molecules within aluminosilicate zeolites, including hydrogen in A (40, 
41), acetylene in X (42), ethylene in A (42) and X (44-461 and p-xylene (42) in X 
type materials. In addition to intramolecular modes, where interaction between the 
sorbate and the non-framework cations is strong (for example in the ethylene - silver 
zeolite A system (42)), vibrational transitions associated with sorbate motion with 
respect to the zeolite's internal surface can be observed. The latter modes, and the 
dependence of their frequencies on loading, structure and composition are of particular 
interest as they convey detailed information about the character of the zeolite - sorbate 
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interaction. Unfortunately, quantitative interpretations of such spectra are rarely 
straightforward, but substantial insight can be gained when IINS data are considered in 
combination with complementary techniques such as diffraction, nmr, and infra-red and 
Raman spectroscopies. 

Torsional vibrations of occluded template cations. Of equal interest to the zeolite -
organic interaction that determines the utility of zeolites in technological sorptive and 
catalytic applications, is the role of the inorganic - organic interface during die process 
of zeolite crystallization. Prior to embarking on a detailed program of in situ studies of 
the role of templating molecules in zeolite synthesis, we are examining the interaction 
between occluded templating species and the fully-formed zeolite (Figure 3). This 
interaction is manifested in a number of ways. For example, the temperature of template 
weight loss features in thermogravimetric analysis scans depend on the character of the 
template and of its containing cage, and the magnitudes of the 1 3 C chemical shifts 
observed for T M A + cations in zeolites vary with the dimensions of the pores within 
which they are housed (48-50). Certain of the motional properties of the TMA+ 
cations are conveniently studied by neutron scattering techniques. 

The vibrational spectrum of the tetrarnethylammonium cation in the region 150 -
550 cm"1 contains both torsional and vibrational modes. The \% and V19 vibrational 
modes of Ε and T2 symmetry involve C-N-C bond angle bending. These modes are 
Raman active and have been studied for TMA+ in several zeolite environments, 
although little change in frequency is observed (SI). The V4 and ν 12 torsional modes 
involve partial rotation about C - Ν bonds and form respectively a singlet (A2) and a 
triplet (Ti) which are both Raman inactive. These torsional modes are directly observed 
in the DNS spectra and prove to be sensitive to the character of the T M A + cation 
(see Table 1) environment(52). 

TABLE 1 
Torsional and Bending Mode Frequences (cm-1) for TMA + Cations in Various 

Environments 

Torsion Bending 
environment Singlet Triplet Singlet Triplet 

Α 2Γν 4) 
Ti (V12) E(v 8) T2(vi9) ref. 

TMA-a 301 371 456 (52) 
TMA-Br 294 363 456 (52) 
TMA-Br 290 370 455 (52) 
TMA-I 265 344 451 (52) 
TMA-sodalite 224 310 373 462 (52) 
TMA-SAPO-20 226 311 375 466 (57J 
TMA-ZK-4 (β) 226 It 11 It (52) 
TMA-ZK-4 (β) 245 325 372 460 (52) 
TMA-ZK-4 (a) 210 (310) 371 454 (52) 
TMA-omega 209 298 362 455 m> TMA-omega 206 293 365 454 (52) 
TMA-montmorillonite 221 306 369 461 (61) 
TMA-C1 in D2O solid soin 244 310 — — (62) 
TMA-C1 in D2O soin 230 — 370 — (62) 
TMA-solution 370 455 (51) 
TMA free ion (calc) 199 287 385 485 (52) 
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Figure 3. Exploded' strereoview representation of a TMA + cation in the sodalite 
(β) cage in TMA-sodalite. 
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In the halide salts, TMAX, X = Cl, Br, I, the torsional mode frequencies evolve 
smoothly to lower force constants in the series Cl - Br -1 (52). The crystal structures 
are similar, and the change in torsional frequencies correlates with the anion 
polarizabilities. The TMA+ torsional frequencies observed in zeolites (Table 1) imply a 
weaker interaction between the TMA+ cation and its environment. The HNS spectra, 
150 < ν < 550 cm-1, for TMA-sodalite and SAPO-20 and are similar (Figure 4), with 
lower torsional frequencies observed for TMA+ cations occluded in the slightly larger 
gmelinite cages of zeolite omega, and in the supercage of zeolite ZK-4 (Table 1). A 
dépendance of the torsional frequencies on the entrapping zeolite cage size is further 
suggested by estimates of torsional frequencies computed for the free TMA+ ion based 
on a Hartree-Fock ab initio treatment (52), which indicate still lower torsional mode 
frequencies. The dependence of the torsional frequencies on the non-framework and 
framework compositions of the zeolite is still being explored, but, in principle, this 
sensitivity of the torsional modes to environment might be used to explore the stage at 
which complete cages are formed around the 'templating1 TMA+ cations during 
synthesis. Although minimum measurement times of several hours for each spectrum 
are currently necessary, instrument optimization for such a synthesis experiment and/or 
appropriate control of the synthesis conditions should permit such experiments to be 
performed. 

Diffusional motion. Many rotational and translational diffusion processes for 
hydrocarbons within zeolites fall within the time scale that is measurable by quasielastic 
neutron scattering (QENS). Measurements of methane in zeolite 5A (24) yielded a 
diffusion coefficient, D= 6 χ 10"6 cm2 s"1 at 300K, in agreement with measurements by 
pulsed-field gradient nmr. Measurements of the EISF are reported to be consistent with 
fast reorientations about the unique axis for benzene in ZSM-5 (54) and mordenite (26). 
and with 180° rotations of ethylene about the normal to the molecular plane in sodium 
zeolite X (55). Similar measurements on methanol in ZSM-5 were interpreted as 
consistent with two types of methanol species (56). 

Quasielastic scattering is observed from TMA-sodalite and omega for Τ > ~80K 
(57) (Figure 5). A quasielastic component is, in contrast, not observed for the bromide 
salt below 300K (5S). In each case, molecular translation is prevented and the 
quasielastic scattering indicates that rotational diffusion is occurring. Arrhenius plots of 
the logarithme of the quasielastic width versus reciprocal temperature indicate small 
activation barriers, 1.8(5) and 1.5(5) kJ mol -1 for the sodalite and omega samples 
respectively. These barriers are much smaller than that measured for methyl group 
rotation by nmr methods (52), estimated from the torsional mode frequencies (53) or, 
indeed, calculated using ab initio methods for TMA+ in a range of possible model 
environments (52). The broadening is therefore interpreted as arising from whole body 
TMA+ cation reorientational motion. In constrained environments this motion has a 
high activation barrier (52). The freer TMA+ environment in the zeolites (that is 
reflected in the approach of the torsional mode frequencies towards the free-ion values) 
apparently results in a dramatic reduction in this activation barrier, such that whole 
body can occur, even down to relatively low temperatures > 80K. Further experiments, 
combined with detailed dynamical simulations are currently underway to confirm and 
further quantify these findings. The geometrical information conveyed by the EISF for 
the TMA-sodalite and omega systems has also been examined. Although detailed 
inferences about the character of the reorientational motion are difficult in these 
relatively complicated cases, the present data do suggest different modes of 
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— TMA-sodalite (SOD) 

$ SAPO-20 (SOD) 
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Neutron energy loss (cm-1) 

Figure 4. Comparison of the INS spectra of TMA+ cations in the sodalite cage 
of the alurninosilicate zeolite TMA-sodalite, and the silicoaluminophosphate 
molecular sieve SAPO-20. 
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Figure 5. Quasielastic neutron scattering spectrum of TMA+ cations in the 
sodalite cage of the alurninosilicate zeolite TMA-sodalite compared with the 
instrumental resolution function. 
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reorientation in the two cases (52), not inconsistent with the differing crystallographic 
environments of the T M A + cation in the two systems. 

Conclusion 

Inelastic and quasielestic neutron scattering offer a special perspective on the vibrational 
and diffusional properties of hydrogen-containing non-framework species within 
zeolites. Results for a number of systems have already appeared, including HNS 
measurements of water, hydroxyl groups and ammonium cations, and a small number 
of simpler hydrocarbons in a variety of aluminosilicate zeolites. Interpretations have to 
date generally been qualitative. Measurements of torsional and bending mode 
frequencies of TMA + cations in a number of zeolites have indicated sensitivity in the 
former (but not the latter) to environment, a sensitivity that may prove exploitable in 
studies of zeolite synthesis phenomena. Quasielastic scattering measurements have 
probed translation^ diffusion of methane in zeolite A and hydrocarbon rotational 
diffusion has been observed in a number of systems. Quasielastic scattering that is 
interpreted as indicating whole body TMA+ cation reorientation is observed from TMA-
sodalite and omega for Τ > ~80K. 
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Chapter 4 

Silicoaluminophosphate Molecular Sieves 
X-ray Photoelectron and Solid-State NMR Spectroscopic 

Results Compared 

David F. Cox and Mark E. Davis 

Department of Chemical Engineering, Virginia Polytechnic Institute 
and State University, Blacksburg, VA 24061 

The local environments of T-atoms in SAPO materi
als were examined using solid-state NMR, a bulk 
probe, and XPS, a surface sensitive probe. T-a-
tom 2 p binding energies in XPS were found to 
vary in a predictable fashion with changes in NMR 
chemical shifts. The comparison demonstrates 
that XPS is sensitive to variations in the second 
coordination sphere for T-atoms in SAPO molecular 
sieves. XPS was also found to give a reasonable, 
quantitative measure of superficial (surface) 
Τ-atom fractions thus providing information about 
elemental homogeneity by comparison to bulk chem
ical analysis. 

Silicoaluminophosphates (SAPO's) (1) are molecular sieves which 
con t a i n tetrahedra of oxygen surrounded s i l i c o n , aluminum, and 
phosphorus. These microporous s o l i d s not only e x h i b i t p r o p e r t i e s 
c h a r a c t e r i s t i c of z e o l i t e s but also show unusual physiochemical 
t r a i t s a s c r i b a b l e to t h e i r unique chemical compositions (1,2). 

We have been i n v e s t i g a t i n g the nature of these novel s o l i d s 
i n order to a s c e r t a i n information which may lead to new c a t a l y t i c 
a p p l i c a t i o n s . Two important questions to be addressed are: ( i ) 
what are the l o c a l Τ-atom ( t e t r a h e d r a l atom) arrangements 
( s i l i c o n , aluminum, and phosphorus), and ( i i ) what i s the 
elemental homogeneity? Questions ( i ) has been addressed mainly 
through the use of s o l i d - s t a t e NMR while the answer to question 
( i i ) i s most a p p r o p r i a t e l y obtained from surface to bulk elemental 
analyses. 

The purpose of our work i s to show that the l o c a l 
environments of S i , A l , and Ρ i n SAPO's can be probed v i a 
s o l i d - s t a t e NMR and XPS and that t h e i r r e s u l t s give a co n s i s t e n t 
p i c t u r e of the second c o o r d i n a t i o n s h e l l f o r a l l the T-atoms. 
Also, of secondary importance, we w i l l i l l u s t r a t e that XPS can be 
u s e f u l i n a s c e r t a i n i n g whether elemental homogeneity i s achieved 
i n SAPO molecular sieves. 

0097-6156/90/0437-0038$06.00/0 
© 1990 American Chemical Society 
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4. COX AND DAVIS SUicoaluminophosphate Molecular Sieves 39 

Experimental Section 

The samples used i n t h i s study are those that have been described 
p r e v i o u s l y (3-5). 

Magic angle spinning ^ S i , 27 &\ a n ( j 31p spec t r a were 
recorded on a v a r i e t y of spectrometers. The data reported here 
are from r e s u l t s obtained at 200 MHz proton. Thus, the 2 9 S i , 2 7A1 
and 3 1 P frequencies are 39.7 MHz, 52.15 MHz and 81.0 MHz, 
r e s p e c t i v e l y . Chemical s h i f t s f o r aluminum are reported r e l a t i v e 
to Αΐ(Νθ3)β i n aqueous s o l u t i o n at i n f i n i t e d i l u t i o n and are not 
cor r e c t e d f o r second-order quadrupole e f f e c t s . The phosphorus and 
s i l i c o n chemical s h i f t s are reported r e l a t i v e to 85 wt% H3PO4 and 
Me^Si, r e s p e c t i v e l y . 

Bulk chemical analyses of the s o l i d was performed by 
G a l b r a i t h Laboratories, K n o x v i l l e , TN. 

Chemical a n a l y s i s of the s u p e r f i c i a l regions of the samples 
was performed by X-ray photoelectron spectroscopy (XPS) with a 
Perkin-Elmer Phi 5300 ESCA, employing Mg Κα x-rays. Binding 
energies are referenced to the gold 4f 7/2 t r a n s i t i o n at 83.8 eV 
(gold was sputtered onto a small spot of the sample p r i o r to 
a n a l y s i s ) . 

Results and Discussion 

Bulk and Surface Compositions. The chemical compositions of the 
molecular sieves used i n t h i s study are given i n Table I i n terms 
of t e t r a h e d r a l atom (T-atom) f r a c t i o n s , and are grouped according 
to s t r u c t u r e type. The bulk compositions of AIPO4-5, AIPO4-2O and 
VPI-5 show the i d e a l 1:1 r a t i o of A l and Ρ c h a r a c t e r i s t i c o f 
aluminophosphate molecular si e v e s . The SAPO mate r i a l s have 
frameworks c o n s i s t i n g of S i , A l and Ρ T-atoms. 

The two SAPO-20 materials have very d i f f e r e n t bulk 
concentrations. SAPO-20A has a composition c o n s i s t e n t with a 
" s i l i c o n - s u b s t i t u t e d aluminophosphate", while the high bulk 
concentration of S i i n SAPO-20B i s more c o n s i s t e n t with a 
"phosporous-substituted a l u m i n o s i l i c a t e " . The other SAPO samples 
a l l have s u f f i c i e n t l y low concentrations of S i to be considered as 
s i l i c o n - s u b s t i t u e d ALPO^'s. 

S u p e r f i c i a l (surface) compositions are al s o l i s t e d i n Table 
I as determined by XPS with atomic s e n s i t i v i t y f a c t o r s 
c h a r a c t e r i s t i c of the e l e c t r o n energy analyzer used f o r these 
s t u d i e s . The s u p e r f i c i a l compositions agree reasonably w e l l with 
the bulk values f o r a l l samples with the exceptions of SAPO-5 and 
the two Si-VPI-5 samples which show a s i g n i f i c a n t enrichment of S i 
at the surface. Note that samples which were examined with and 
without deposited gold (the reference f o r the bi n d i n g energy 
scale) showed l i t t l e d i f f e r e n c e i n measured compositions with XPS. 

The g e n e r a l l y good agreement between bulk and s u p e r f i c i a l 
compositions f o r homogeneous samples provides some assurance that 
XPS, despite i t s surface s e n s i t i v i t y , samples a s u f f i c i e n t p o r t i o n 
of the framework s t r u c t u r e to give reasonable T-atom compositions. 
The composition determinations are aided by the f o r t u i t o u s 
occurrence of the 2p photoelectron peaks w i t h i n a f a i r l y narrow 
range of values at low bind i n g energies ( S i 2p, A l 2p and Ρ 2p at 
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40 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

TABLE I. S u p e r f i c i a l and Bulk Compositions of Molecular Sieves 

Sample Bulk Comp. S u p e r f i c i a l Comp. 

SAPO-37 S i 0 1 2 A 1 0 5 P 0 3 8 S i Q 1 3 A 1 Q 5 4 P 0 33 

AlP0 4-5 A l 0 5 P 0 5
 A l0.52 P0.48 

SAPO-5 S i 0 0 8 A 1 0 4 7 P 0 4 5 SiQ 2 0A1 0.51 P0.29 

AIPO4-20 A l 0 m 5 P 0 m 5 A l 0 m 5 2 P . ο . 4 8 

SAPO-20A S i 0 1 3 A 1 0 . 4 7 P 0 . 4 0 S i Q 1 0A1 0. 5 5P 0.35 

SAPO-20B S i 0 5 0A1 0. 3 8P 0.12 S i0.41 A l0.44 P0.15 

VPI-5 A l 0 5 1 P 0 4 9 A 1 0 > 5 4 P 0 > 4 6 

Si-VPI-5A S i 0 0 6 A 1 0 4 9 P 0 45 S i Q 1 ? A 1 0 . 5 4 P 0 . 2 9 

Si-VPI-5B S i 0 0 9 A 1 0 4 8 P 0 43 S i 0 3 1A1 0. 37 P0.32 

approximately 102, 75 and 135 eV, r e s p e c t i v e l y ) . These low 
b i n d i n g energies correspond to high values of photoelectron 
k i n e t i c energy and represent the l e a s t s u r f a c e - s e n s i t i v e p o r t i o n 
of the XPS spectrum. The s i m i l a r i t i e s i n photoelectron k i n e t i c 
energies gives r i s e to s i m i l a r i n e l a s t i c mean-free paths. Thus, 
the s i g n a l attenuation with respect to depth i n the sample i s 
e s s e n t i a l l y constant f o r a l l three types of T-atoms. 

The agreement between XPS and bulk a n a l y s i s f o r the majority 
of the samples supports the conclusion that s i g n i f i c a n t v a r i a t i o n s 
between the measured bulk and s u p e r f i c i a l compositions are indeed 
due to inhomogeneity i n the sample. The compositions measured by 
XPS i n these cases a l s o give r e l a t i v e T-atom f r a c t i o n s which agree 
with known mechanisms of s i l i c o n s u b s t i t u t i o n i n aluminophosphate 
mat e r i a l s (see d i s c u s s i o n below). The SAPO-5 composition data i n 
Table I i n d i c a t e an enrichment of s i l i c o n at the surface, and the 
composition suggests s i l i c o n s u b s t i t u t e s p r i m a r i l y f o r phosphorus. 
The two Si-VPI-5 samples prepared by d i f f e r e n t s y n t h e t i c routes 
both show an enrichment of s i l i c o n at the surface, but i n 
SÎ-VPI-5A (synthesized from a s i n g l e phase synthesis g e l (5)) the 
s u b s t i t u t i o n appears to be p r i m a r i l y f o r phosphorus. In contrast, 
surface s i l i c o n i n Si-VPI-5B appears to s u b s t i t u t e f o r 
aluminum-phosphorus p a i r s . The two phase synthesis used to 
prepare SÎ-VPI-5B (5) appears to y i e l d a s i g n i f i c a n t l y l e s s 
homogeneous c r y s t a l with more a s i l i c o n - r i c h surface than the 
corresponding s i n g l e phase synthesis f o r SÎ-VPI-5A. 
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XPS-NMR Comparisons. While the physics a s s o c i a t e d with NMR and 
XPS measurements are very d i f f e r e n t , both techniques are s e n s i t i v e 
to changes i n the l o c a l environment and e l e c t r o n i c s t r u c t u r e of 
the i n d i v i d u a l atomic species. The observation of a c o r r e l a t i o n 
between bulk T-atom environments probed by NMR and surface T-atom 
environments probed by XPS would i n d i c a t e that XPS t r u l y provides 
information about the framework s t r u c t u r e and not j u s t a d e f e c t i v e 
region at the surface of the c r y s t a l s . 

Phosphorus. Previous **lp s o l i d - s t a t e NMR studies of SAPO 
materials have detected only a s i n g l e type of l o c a l environment 
f o r phosphorus T-atoms: four aluminum second nearest neighbors as 
i n a pure aluminophosphate (ALPO^) m a t e r i a l (3,4). This 
environment i s i l l u s t r a t e d i n Figure 1. The NMR chemical s h i f t s 
from t h i s environment t y p i c a l l y range from -25 to -35 ppm. 

Figure 2 compares the Ρ 2p binding energies from XPS with 
the ^Ip chemical s h i f t s from s o l i d - s t a t e NMR. Chemical s h i f t s are 
reported as s i n g l e points except f o r the VPI-5 mat e r i a l s which 
show two ^Ip NMR peaks asso c i a t e d with d i f f e r e n t c r y s t a l l o g r a p h i c 
l o c a t i o n s i n the VPI-5 topology (6). The two d i f f e r e n t chemical 
s h i f t values f o r the VPI-5 materials are j o i n e d by v e r t i c a l l i n e s 
i n Figure 2, but each i s c o n s i s t e n t with the l o c a l environment 
i l l u s t r a t e d i n Figure 1. The XPS b i n d i n g energies vary over a 
range of only 0.3 eV. Since the t y p i c a l accuracies f o r 
determining binding energies are ± 0.1 eV, the spread i n Ρ 2p 
b i n d i n g energies i s e s s e n t i a l l y that expected from experimental 
u n c e r t a i n t y . Also, the narrow range of b i n d i n g energies f o r Ρ 2p 
core l e v e l s i n s i m i l a r l o c a l environments but d i f f e r e n t molecular 
sieves demonstrates that the binding energy s c a l e referenced to Au 
4f η / 2 reproducibly accounts f o r d i f f e r e n c e s i n the extent of 
charging f o r the d i f f e r e n t samples. 

The XPS r e s u l t s are i n agreement with NMR i n that no 
s i g n i f i c a n t v a r i a t i o n s i n the binding energies are measured f o r 
phosphorous T-atoms which are confined to a s i n g l e type of l o c a l 
(2nd c o o r d i n a t i o n sphere) environment. These r e s u l t s agree with a 
previous XPS study by Suib et a l . of oxygen p o l a r i z a b i l i t i e s i n 
SAPO's (7). Those studies found no v a r i a t i o n i n the 
p o l a r i z a b i l i t y of oxygen ions surrounding P^ + s i t e s ( i . e . , no 
l o c a l e l e c t r o n i c v a r i a t i o n s ) as a f u n c t i o n of s i l i c o n 
i n c o r p o r a t i o n (7). 

Aluminum. Previous 2 7 A 1 NMR studies have demonstrated four 
p o s s i b l e l o c a l environments f o r A l i n SAPO materials (3,4). These 
environments are i l l u s t r a t e d i n Figure 3, and may be c l a s s i f i e d as 
e i t h e r phosphorous r i c h ( i . e . , ALPO^-like) with a chemical s h i f t 
ranging from 30 to 40 ppm, or s i l i c o n r i c h ( i . e . , z e o l i t e - l i k e ) 
with a chemical s h i f t greater than 48 ppm. Both types of 
environments are c h a r a c t e r i s t i c of a s u b s t i t u t i o n mechanism 
i n v o l v i n g s i l i c o n s u b s t i t u t i o n f o r phosphorus. A f i f t h 
p o s s i b i l i t y f o r an A l environment involves two S i and two Ρ second 
nearest neighbors. However, no such environment has yet been 
i d e n t i f i e d by NMR, e i t h e r because the A l chemical s h i f t i s s i m i l a r 
to that f o r the s i l i c o n - or phosporous-rich environments, or 
because materials with an appropriate l e v e l of S i to give r i s e to 
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AI 

δ - -25 to-35 ppm 

Figure 1. Phosphorus environments determined from 31p 
s o l i d - s t a t e NMR. 
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Figure 2. Comparison of Ρ 2p bi n d i n g energies from XPS and 
31p chemical s h i f t s from NMR. 
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such environments i n a p a r t i c u l a r framework s t r u c t u r e have not 
been synthesized. 

The comparison between A l 2p b i n d i n g energies from XPS and 
27 A1 NMR chemical s h i f t s i s shown i n Figure 4. The data p o i n t s 
group i n t o two regions on the p l o t c o n s i s t e n t with the ideas of 
two d i f f e r e n t c l a s s e s of environments found i n NMR. The general 
trend shows that the A l b i n d i n g energy decreases with i n c r e a s i n g 
chemical s h i f t ( i . e . , i n c r e a s i n g S i concentration). The b i n d i n g 
energies vary over a range of 1.4 eV, with the p o i n t s f o r the 
i n d i v i d u a l groupings v a r y i n g by about 0.5 eV, c l e a r l y l a r g e r than 
experimental uncertainty. 

The decrease i n A l 2p binding energies with i n c r e a s i n g S i 
content can be r a t i o n a l i z e d by c o n s i d e r i n g the e f f e c t of changing 
the second c o o r d i n a t i o n sphere of aluminum from P 5 + to S i ^ + . The 
charge a s s o c i a t e d with the f i r s t c o o r d i n a t i o n sphere of 0 2" anions 
around the A l centers w i l l be l e s s s t r o n g l y p o l a r i z e d towards the 
second c o o r d i n a t i o n sphere as the i o n i c charge on the 
second-nearest-neighbor cations decreases. Thus, the increased 
charge density a s s o c i a t e d with the anions i n the f i r s t 
c o o r d i n a t i o n sphere appears as a net negative change on the A l 3 + 

centers and decreases the b i n d i n g energy. This explanation i s i n 
agreement with previous observations of a strong e f f e c t of P^ + 

s u b s t i t u t i o n i n z e o l i t e s on the p o l a r i z a b i l i t y of oxygen 
surrounding A l 3 + centers (7). 

The r e s u l t given f o r SÎ-VPI-5B appears to be anomalous. 
However, n o t i c e that the s u p e r f i c i a l composition of t h i s sample 
gives Al/P ~ 1. Thus, the aluminum environment near the surface 
of SÎ-VPI-5B i s more l i k e an AIPO4 rather than a SAPO. 

S i l i c o n . Two S i s u b s t i t u t i o n mechanisms have been i d e n t i f i e d 
p r e v i o u s l y f o r aluminophosphate s t r u c t u r e s by NMR (3,4). The 
f i r s t mechanism, S i s u b s t i t u t i o n f o r P, was mentioned above with 
regard to changes i n the second c o o r d i n a t i o n sphere f o r A l 
c a t i o n s , and gives r i s e to i s o l a t e d s i l i c o n c a t i ons with four 
aluminum second nearest neighbors ( i . e . , a z e o l i t e - l i k e 
environment). The second mechanism involves the s u b s t i t u t i o n of 
S i atoms f o r an aluminum-phosphorus p a i r , and gives r i s e to 
regions of the sample where s i l i c o n i s incorporated with four 
s i l i c o n nearest neighbors ( i . e . , s i l i c a - l i k e domains). These two 
types of environments may be d i s t i n g u i s h e d e a s i l y with 2 9 S i NMR 
(3,4,8). A t h i r d , aluminum-rich, environment (one S i and three A l 
second-nearest neighbors) i s a l s o p o s s i b l e , but the NMR chemical 
s h i f t i s not s i g n i f i c a n t l y d i f f e r e n t than that observed f o r 
i s o l a t e d S i atoms with four A l second nearest neighbors. The 
three p o s s i b l e S i environments are i l l u s t r a t e d i n Figure 5. 

The comparison between S i 2p b i n d i n g energies from XPS and 
2 9 S i NMR i s given i n Figure 6. NaA ( S i : A l - 1:1), ZSM-5 ( S i : A l -
28) and s o d a l i t e ( S i : A l = 6) samples are a l s o included f o r 
comparison. The v e r t i c a l l i n e s connect the values of the chemical 
s h i f t a s s o c i a t e d with the two d i s t i n c t , NMR-resolvable S i 
environments discussed above. NaA and SAPO-37 are two exceptions; 
they e x h i b i t only s i n g l e peaks, and the v e r t i c a l l i n e s represent 
the broadness of the resonances. 
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Figure 3. Aluminum environments determined by 27 A1 
s o l i d - s t a t e NMR. 
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Figure 4. Comparison of A l 2p bind i n g energies from XPS and 
chemical s h i f t s from NMR. 
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Figure 5. S i l i c o n environments determined from 2 9 S i 
s o l i d - s t a t e NMR. 
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Figure 6. Comparison of S i 2p bi n d i n g energies from XPS and 
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The trend observed i n Figure 6 i s an increase i n b i n d i n g 
energy with i n c r e a s i n g magnitude of the chemical s h i f t . More 
gen e r a l l y , t h i s trend corresponds to an increase i n b i n d i n g energy 
as the s i l i c o n environments change from aluminum-rich to 
s i l i c o n - r i c h , which t y p i c a l l y means with i n c r e a s i n g S i 
concentration. The data f o r SAPO-37 and NaA represent two s p e c i a l 
cases i n t h i s respect. The SAPO-37 used i n t h i s study i s the same 
used i n previous NMR studies where i t was demonstrated 
c o n c l u s i v e l y that s i l i c o n s u b s t i t u t e s s o l e l y f o r phosphorus and 
hence contains only aluminum r i c h environments (3). The NaA 
sample, despite a 50% S i T-atom f r a c t i o n , f a l l s i n the region of 
the p l o t a s s o c i a t e d with A l r i c h environments because of the i d e a l 
1:1 r a t i o of S i : A l . Hence, despite the high s i l i c o n content i n 
the NaA sample, a l l S i atoms have four A l second nearest neighbors 
and an equivalent l o c a l environment to that of i s o l a t e d S i atoms 
i n an ALPO^ framework ( s u b s t i t u t i o n f o r phosphorus). The s i l i c o n 
b i n d i n g energies i n XPS therefore change i n a reproducible manner 
with changes i n the second c o o r d i n a t i o n sphere i n agreement with 
NMR observations. 

The increase i n s i l i c o n b i n d i n g energies on changing from 
aluminum-rich to s i l i c o n - r i c h environments may be understood using 
a s i m i l a r l i n e of reasoning to that reported above f o r aluminum. 
As the second-nearest-neighbor A l ^ + cations are replaced with more 
p o s i t i v e l y charged S i ^ + , the charge density a s s o c i a t e d with the 
0^" anions i n the f i r s t c o o r d i n a t i o n sphere w i l l be more s t r o n g l y 
p o l a r i z e d towards the second c o o r d i n a t i o n s h e l l and appear as a 
net decrease i n charge density with respect to the i s o l a t e d S i 
atom case. The upper l i m i t i n binding energy therefore approaches 
the 103.4 eV value f o r pure S i 0 2 (9). 

Conclusions 

The c o r r e l a t i o n s observed between XPS and s o l i d - s t a t e NMR i n d i c a t e 
that XPS b i n d i n g energies are s e n s i t i v e to changes i n the l o c a l 
environments (second c o o r d i n a t i o n s h e l l ) of T-atoms i n 
silicoaluminophosphate (SAPO) ma t e r i a l s . These r e s u l t s 
demonstrate that XPS t r u l y samples enough of the framework near 
the surface to be a u s e f u l c h a r a c t e r i z a t i o n t o o l f o r SAPO 
mat e r i a l s much as i t has proven to be a u s e f u l t o o l f o r z e o l i t e 
c h a r a c t e r i z a t i o n (10-13). Having demonstrated the c a p a b i l i t y of 
XPS f o r p r o v i d i n g framework information, the (semi)quantitative 
nature of XPS composition determinations i s recognized by the 
s i m i l a r bulk and surface compositions observed f o r homogeneous 
framework compositions. XPS therefore provides a means of 
determining s u p e r f i c i a l compositions and can be used as a check 
f o r surface enrichment of s p e c i f i c T-atoms. For a l l the samples 
examined i n t h i s study, the surface compositions measured by XPS 
were c o n s i s t e n t with known mechanisms f o r s i l i c o n s u b s t i t u t i o n 
i n t o ALPO^ ma t e r i a l s . 
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Chapter 5 

Crystallization of Aluminophosphate VPI-5 
Using Magic Angle Spinning NMR 

Spectroscopy 

Mark E. Davis1, Brendan D. Murray2, and Mysore Narayana2 

1Department of Chemical Engineering, Virginia Polytechnic Institute 
and State University, Blacksburg, VA 24061 

2Shell Development Company, Westhollow Research Center, 
3333 Highway 6 South, Houston, TX 77082 

Variable temperature Magic Angle Spinning Nuclear 
Magnetic Resonance spectroscopy was used for the first 
time to study the crystallization process of the 
aluminophosphate, VPI-5. The results of these in-situ 
NMR experiments were compared to results obtained for 
VPI-5 synthesized by conventional methods in teflon 
lined autoclaves. The excellent agreement between the 
experiments demonstrate that in-situ Magic Angle 
Spinning Nuclear Magnetic Resonance spectroscopy can 
be used to monitor the entire crystallization process 
of VPI-5 and possibly other molecular sieves. 

The use of Magic Angle Spinning Nuclear Magnetic Resonance, 
(MASNMR), spectroscopy to study molecular sieves has been widely 
reported (1). MASNMR spectroscopy has been used to e l u c i d a t e a 
wealth of s t r u c t u r a l information about molecular s i e v e s . The 
technique has al s o been used to study chemical p r o p e r t i e s , s o r p t i o n 
and numerous chemical processes. Another area that has been 
e x p l o i t e d i s the use of MASNMR spectroscopy to i d e n t i f y species i n 
d i l u t e wet gels and i n s o l i d s extracted from z e o l i t e synthesis 
mixtures (2,3,4,5). 

Although MASNMR spectroscopy has helped i d e n t i f y some of the 
precursors to molecular sieves, the technique has not been used to 
monitor i n s i t u the e n t i r e process of molecular sieve synthesis. 

In t h i s r eport we w i l l describe the use of v a r i a b l e temperature 
MASNMR spectroscopy to fol l o w the c r y s t a l l i z a t i o n of the 
aluminophosphate, VPI-5. The r e s u l t s of the i n - s i t u experiments are 
compared to those obtained f o r VPI-5 synthesized i n autoclaves by 
t r a d i t i o n a l methods. 

0097-6156/90/0437-0048S06.00/0 
© 1990 American Chemical Society 
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Experimental Section 

The x-ray powder d i f f r a c t i o n patterns of a l l the samples were 
recorded on a Siemens 12 automated d i f f r a c t i o n system using Cu Kft 

r a d i a t i o n . Argon adsorption isotherms were obtained at l i q u i d argon 
temperatures using an Omnisorp 100 analyzer. Argon adsorption 
c a p a c i t i e s and x-ray d i f f r a c t i o n patterns were used to a s c e r t a i n 
phase p u r i t y . 

Bulk chemical analyses of the s o l i d samples ( a f t e r d i s s o l u t i o n 
i n t o HC1 s o l u t i o n s ) were performed using an i n d u c t i v e l y coupled 
plasma (ICP) spectrometer. The ICP system c o n s i s t e d of a 
J a r r e l l - A s h ICAP 9000 and a J a r r e l - A s h Atomscan 2400. 

Magic angle spinning 3 1 P NMR spectra were recorded on a Bruker 
CXP 200 spectrometer. The 3 1 P spectra were taken at a frequency of 
80.4 MHz and with sample spinning rates of 4-5kHz. Chemical s h i f t s 
are reported r e l a t i v e to 85 wt% H 3P0 4. Magic angle spinning 2 7 A l 
NMR spectra were recorded on a Bruker CXP-200/400 spectrometer. The 

A l spectra were taken at frequencies of 104.3 MHz and 52.2 MHz 
with a r o t a t i o n rate of 3-5 kHz. The 2 7 A 1 chemical s h i f t s are 
reported r e l a t i v e to A1(N0 3) 3 i n aqueous s o l u t i o n at i n f i n i t e 
d i l u t i o n and are not co r r e c t e d f o r second order quadrupole e f f e c t s . 
Chemical s h i f t s downfield of the standard are expressed as p o s i t i v e 
s h i f t s . A l l of the samples were sealed i n s i d e s p e c i a l z i r c o n i a 
r o t o r s . The temperature of the g e l i n s i d e the spectrometer was 
p r e c i s e l y c o n t r o l l e d during a l l of the i n - s i t u experiments by a 
v a r i a b l e temperature c o n t r o l u n i t . F a i l u r e to d u p l i c a t e the 
conditions of the autoclave experiments was found to r e s u l t i n 
impure products. 

Pseudoboehmite alumina (Catapal-B) and 85 wt% H 3P0 4 were used 
e x c l u s i v e l y as the aluminum and phosphorus s t a r t i n g m a t e r i a l s . 
Aqueous (55 wt%) tetrabutylammonium hydroxide (TBA) was purchased 
from A l f a . 

VPI-5 Synthesis 

F i f t y f i v e grams of pseudoboehmite was s l u r r i e d i n 150 g of water. 
In a separate beaker, 100 g of water was added to 90 g of phosphoric 
a c i d . The phosphoric a c i d s o l u t i o n was then added to the alumina 
s l u r r y to form a precursor mixture. This mixture was aged f o r two 
hours at 25°C with no a g i t a t i o n . 186 g of 55 wt% TBA was added to 
the mixture and the r e s u l t i n g g e l was v i g o r o u s l y a g i t a t e d f o r 
approximately 2 hours. The g e l composition was Τ Β Α · Α 1 2 0 3 · Ρ 2 0 5 · 5 0 
H 20. The r e a c t i o n mixture was d i v i d e d i n t o parts and then charged 
i n t o 15 mL t e f l o n - l i n e d autoclaves which were s t a t i c a l l y heated to 
150°C at autogenous pressure i n forced convection ovens. At 
s p e c i f i c times, the autoclaves were removed from the oven, 
immediately quenched i n c o l d water, and the pH of the contents 
measured. The products were recovered by s l u r r y i n g the autoclave 
contents i n water, decanting the supernatant l i q u i d , f i l t e r i n g the 
white s o l i d , and drying the s o l i d s i n a i r . 

The d i l u t e nature of the synthesis g e l described above makes 
sample spinning at very high speeds d i f f i c u l t i n s i d e the NMR 
spectrometer. Because of t h i s problem, i t was necessary to use a 
ge l that contained l e s s water. The g e l used to study the synthesis 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
00

5

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



50 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

of VPI-5 i n s i d e the NMR spectrometer was prepared by f i r s t f i l t e r i n g 
and d r y i n g the s t a r t i n g g e l described above and then adding enough 
water to obtai n a g e l composition of 0.24 ΤΒΑ·1.3 Α1 20 3·Ρ 205·15 H 20. 
No f r e e l i q u i d was evident i n t h i s p a s t e - l i k e s o l i d . This g e l 
composition has been shown p r e v i o u s l y to c r y s t a l l i z e VPI-5 (3). 

Results and Dis c u s s i o n 

Autoclave Synthesis of VPI-5. Table I shows how the p r o p e r t i e s of 
the g e l change a f t e r various heating times. The TBA that i s present 
i n the s t a r t i n g g e l i s r a p i d l y e x p e l l e d i n t o s o l u t i o n upon heating 
and i s not found i n any of s o l i d samples c o l l e c t e d . The pH was 
found to r i s e sharply a f t e r 45 minutes and reaches a f i n a l pH of 7.0 
a f t e r 23 hours. The s o l i d Al/P r a t i o decreases to a r a t i o of 1.06 
over the course of the r e a c t i o n while the l i q u i d Al/P r a t i o r i s e s to 
a value of 0.9. 

The powder x-ray d i f f r a c t i o n p a t t e r n of VPI-5 i s shown i n 
Figure 1 (6). The most intense r e f l e c t i o n , ( I / I -100%)in the 
pa t t e r n appears at 5.38 degrees 2θ, (d-spacing of 16.43À). The 
powder x-ray d i f f r a c t i o n patterns of the three samples c o l l e c t e d 
a f t e r 30, 45 and 60 minute heating times are seen i n Figure 2. The 
c h a r a c t e r i s t i c p a t t e r n of VPI-5 begins to appear between 45 and 60 
minutes. The st r u c t u r e of VPI-5 i s known to contain two 
c r y s t a l l o g r a p h i c a l l y unique aluminum and phosphorus s i t e s . These 
s i t e s are lo c a t e d i n the 6-membered rings (SI) (see [001]) 
p r o j e c t i o n i n Figure 3 and i n the two adjacent 4-membered ri n g s 
( S 2 ) ^ a n d are i n an atomic r a t i o of 2 to 1, r e s p e c t i v e l y . The 3 1 P 
and A l MASNMR spectrums of w e l l synthesized VPI-5 are shown i n 
Figures 3 and 4. The 3 1 P spectrum of hydrated VPI-5 e x h i b i t s three 
resonances with approximately equal areas. The resonance at -33 ppm 
i s assigned to phosphorus occupying the S2 s i t e s (7). The resonances 
at -23 ppm and -27 ppm have been assigned to phosphorus i n the SI 
s i t e s . The resonance at -23 ppm disappears upon evacuation of the 
sample. The spectrum of a p a r t i a l l y dehydrated sample e x h i b i t s only 
the resonances at -27 ppm and -33 ppm i n a r a t i o of 2 to 1. The 
l o c a t i o n of water i n VPI-5 at d i f f e r i n g l e v e l s of hyd r a t i o n i s 
discussed i n recent a r t i c l e s (8,9). The e f f e c t of occluded template 
molecules has been p r e v i o u s l y r u l e d out since samples c a l c i n e d i n 
a i r at 550°C d i s p l a y approximately the same 3 1 P MASNMR spectrum. 

The A l MASNMR spectrum of VPI-5 has also been reported 
e a r l i e r (7). The spectrum contains a major resonance near 37 ppm, a 
neighboring resonance at 28 ppm, and a small resonance below 0 ppm. 
The chemical s h i f t s of these resonances are c o n s i s t e n t with other 
hydrated aluminophosphate molecular sieves that c o n t a i n 
t e t r a h e d r a l l y coordinated aluminum that are l i n k e d to four 
phosphorus atoms through b r i d g i n g oxygen atoms (10,11). 

Figure 5 shows the changes i n the 3 1 P and 7A1 MASNMR spectrum 
of g e l as i t i s heated. The main 2 7A1 resonance i n the s t a r t i n g g e l 
i s centered at 7 ppm. As the r e a c t i o n progresses the s i g n a l at 7 
ppm decreases i n i n t e n s i t y while a s i g n a l at approximately 40 ppm 
becomes the dominant resonance a f t e r 60 minutes. The 3 1 P MASNMR 
spectrum of the s t a r t i n g g e l e x h i b i t s a resonance at -16 ppm that 
s h i f t s u p f i e l d to -23.5 ppm a f t e r 45 minutes and than s p l i t s i n t o 
two peaks at -27 ppm and -34 ppm at 60 minutes. Upon c o n t r o l l e d 
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5. DAVIS ET AU Crystallization ofAluminophosphate VPI-5 51 

Table I. Properties of Samples Collected 
As a Function of Heating Time 

Heating Time pH Wt. of Solid/Wt. Solid Liquid 
(min.) of Reaction mixture (Al/P) (Al/P) 

Charged 

0 4.4 0.361 1.3 (SO) 
30 4.2 0.080 2.1 (S30) 0.2 
45 4.4 0.049 2.0 (S45> 0.4 
60 5.6 0.061 (0.233) * 1.7 (S60) 0.3 
75 6.2 0.056 (0.212) * 1.5 (S75) 0.3 

23 Hours 7.0 — 1.06 (—) 0.9 

* Wt. of Oxide Recovered/Wt. of Oxide Charged 
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10 20 30 40 50 
2 Thêta 

Figure 2. X-ray powder d i f f r a c t i o n data of s o l i d phases obtained 
during the c r y s t a l l i z a t i o n of VPI-5. 
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-27.2 

20 -20 -40 PPM 
J I 

-60 -80 100 -200 

PPM Figure 3. The 3 1 P MASNMR spectrum of hydrated VPI-5, ( l e f t ) 
p a r t i a l l y dehydrated,(right). C0013 p r o j e c t i o n of VPI-5. 
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PPM PPM 
Figure 5. The 2 7 A 1 and 3 1 P MASNMR spectra of the s o l i d s obtained 
during the c r y s t a l l i z a t i o n of VPI-5. The s o l i d s were d r i e d p r i o r 
to a n a l y s i s . 
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hydration, three peaks are seen at -23 ppm, -27 ppm and -33 ppm as 
expected f o r VPI-5. Reaction times between 4 and 24 hours were 
found to produce the highest y i e l d o f product. 

The argon adsorption c a p a c i t i e s o f the s t a r t i n g g e l and samples 
heated f o r 30, 45, 60 and 75 minutes were determined. The percent 
c r y s t a l l i n i t y was defined as a sample's argon adsorption c a p a c i t y 
d i v i d e d by the argon adsorption c a p a c i t y of pure VPI-5. Samples were 
evacuated overnight at 350 eC p r i o r to argon adsorption. The r e s u l t s 
are l i s t e d i n Table I I . I t i s apparent that the formation of VPI-5 
occurs a f t e r 45 minutes. 

Synthesis of VPI-5 Inside a NMR Spectrometer. The g e l used to study 
the synthesis of VPI-5 i n s i d e the NMR spectrometer was obtained by 
adding enough water to the d r i e d s t a r t i n g g e l to obt a i n a g e l 
composition of 0.24 ΤΒΑ·1.3 Al 203«P 205«15 H 20. No fr e e l i q u i d was 
evident with t h i s " p a s t - l i k e " s o l i d . Figure 6 shows that the 3 1 P 
MASNMR spectrum of t h i s s t a r t i n g g e l i s n e a r l y i d e n t i c a l to that of 
the spectrum of the s t a r t i n g g e l used i n the autoclave s t u d i e s . A 
very broad resonance centered at -17 ppm i s present along with a 
narrower resonance at 1 ppm. I f water i s added to the s t a r t i n g g e l 
the peak at -17 ppm disappears and the resonance at 1 ppm narrows as 
seen i n Figure 7. Evacuation of the s t a r t i n g g e l reduces the 
i n t e n s i t y of the resonance at 1 ppm. 

Upon heating the s t a r t i n g g e l at 150 eC f o r 45 minutes the 
resonance at -17 ppm slowly s h i f t s u p f i e l d to -25 ppm,(see Figure 
8). The 3 1 P spectrum obtained a f t e r 60 minutes i s shown i n Figure 
9. The c h a r a c t e r i s t i c three peak p a t t e r n of VPI-5 i s c l e a r l y evident 
along with some amorphous m a t e r i a l that i s seen between 0 to -20 
ppm. 

The 2 7A1 MASNMR spectrum of the sample a f t e r 60 minutes i s 
shown i n Figure 10. The spectrum i s e s s e n t i a l l y i d e n t i c a l to the 
spectrum of the sample heated i n the autoclave f o r 60 minutes. The 
large resonance near 39 ppm i s due to t e t r a h e d r a l l y coordinated 
framework aluminum and the small resonance near 6 ppm i s due to 
oc t a h e d r a l l y coordinated aluminum that has not yet reacted (3). 

A f t e r three hours the sample was removed from the spectrometer, 
washed and reanalyzed. The 3 1 P MASNMR spectrum of t h i s sample i s 
presented i n Figure 11. Washing the sample removes the amorphous 
m a t e r i a l that i s detected between 0 and -20 ppm. The e x c e l l e n t 
agreement between the r e s u l t s obtained from the autoclave 
experiments and the i n - s i t u MASNMR spectroscopy experiments suggests 
the synthesis of VPI-5 can be studied d i r e c t l y i n s i d e a MASNMR 
spectrometer. 

P o s s i b l e Mechanism of C r y s t a l l i z a t i o n 

The steps involved i n the c r y s t a l l i z a t i o n of VPI-5 from the s t a r t i n g 
g e l can be described by i n t e r p r e t i n g the experimental r e s u l t s . The 
*P and 2 7 A 1 MASNMR spectra suggests that i n the s t a r t i n g g e l , the 

alumina i s coated with phosphoric a c i d . The a c i d slowly moves i n t o 
the l a y e r s of the alumina. Upon heating, aluminum and phosphorus 
are e x p e l l e d i n t o the l i q u i d phase and a near steady s t a t e s o l i d 
weight i s achieved a f t e r approximately 30 minutes. A f t e r 30 minutes 
the s o l i d A l to Ρ r a t i o begins to drop and the pH s t a r t s to r i s e . 
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5. DAVIS ET AL. Crystallization ofAluminophosphate VPI-5 57 

Table II. Percent Crystallinity of Solids 

Sample % Crystallinity 

SO 0 
S30 0 
S45 ** 0 
S60 80 
S75 80 

* Samples evacuated overnight at 350°C prior to argon adsorption. 
Percent c r y s t a l l i n i t y defined as argon adsorption capacity divided 
by the adsorption capacity of pure VPI-5. 

** Sample also evacuated at room temperature prior to adsorption. The 
reflection at 5.38 degrees two-theta i s removed upon evacuation. 
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The NMR spectra suggest the presence of O 3 A I-O - P O 3 linkages. A f t e r 
45 minutes, the x-ray powder d i f f r a c t i o n p a t t e r n d i s p l a y s a 
r e f l e c t i o n at a 2θ of 5.38 which corresponds to a d-spacing of 
16.43Â. This r e f l e c t i o n i s removed by evacuating the sample. 
Samples evacuated a f t e r 45 minutes maintain t h i s r e f l e c t i o n i n t h e i r 
x-ray powder d i f f r a c t i o n p a ttern. The argon adsorption r e s u l t s 
shown i n Table II are con s i s t e n t with a layered s t r u c t u r e being 
formed at 45 minutes. A f t e r 45 minutes, the la y e r s may q u i c k l y 
cross l i n k to form VPI-5. 

The TBA does not appear to act as a template or space f i l l e r . 
TBA i s q u i c k l y e x p e l l e d i n t o s o l u t i o n and i s not detected i n any of 
the heated samples. ( I t i s not detected during the r a p i d VPI-5 
c r y s t a l l i z a t i o n that occurs between 45 and 60 minutes). The 
p o s s i b l e r o l e of TBA as a c a t a l y s t f o r the formation of the VPI-5 
s t r u c t u r e i n concentrations below the de t e c t i o n l i m i t can not be 
r u l e d out, however TBA seems to mainly serve as an e f f e c t i v e pH 
moderator. 

The c r y s t a l l i z a t i o n of VPI-5 most l i k e l y does not involve 
aqueous phase i o n transport because the c r y s t a l l i z a t i o n time i s f a s t 
and the a n a l y t i c a l data i n d i c a t e that short and long range order 
appear simultaneously (3). Further evidence f o r these speculations 
comes from the observation that the c r y s t a l l i z a t i o n of VPI-5 from a 
paste l i k e g e l requires the same time as when a d i l u t e g e l was used. 
This i s co n s i s t e n t with a s o l i d state transformation. 

Conclusions 

V a r i a b l e temperature Magic Angle Spinning Nuclear Magnetic Resonance 
spectroscopy was used f o r the f i r s t time to study c r y s t a l l i z a t i o n 
process of the aluminophosphate, VPI-5. The products derived from 
the i n - s i t u experiments were s i m i l a r to those obtained f o r VPI-5 
synthesized by conventional autoclave methods. The e x c e l l e n t 
agreement between these experiments demonstrates that i n - s i t u Magic 
Angle Spinning Nuclear Magnetic Resonance spectroscopy can be used 
to monitor the e n t i r e c r y s t a l l i z a t i o n process of VPI-5 and p o s s i b l y 
other molecular si e v e s . 
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Chapter 6 

Redox Catalysis in Zeolites 

J. A. Dumesic1 and W. S. Millman2 

1Laboratory for Surface Studies, University of Wisconsin, P.O. Box 413, 
Milwaukee, WI 53201 

2Department of Chemical Engineering, University of Wisconsin, 
1415 Johnson Drive, Madison, WI 53706 

The active sites for redox reactions carried out using zeolitic catalysts 
are the exchangeable cations introduced into the zeolite matrix. These cations 
may occupy a number of different exchange sites, and in general, the catalytic 
activity of a cation depends upon its site location. This leads to the possibility 
of altering the catalytic activity by changing the site population of the 
exchangeable cations. We discuss two methods which have been used to alter 
the sites occupied by Fe2+/Fe3+ cations in Y zeolite structures: increasing the 
silicon-to-aluminum ratio via silicon-substitution and co-exchanging Fe together 
with a second cation (Eu). 

The effect on the catalytic activity for N2O decomposition on increased 
silicon content of the zeolite is to provide nearly 2 orders of magnitude increase 
in the turn-over-frequency (TOF) of the Fe cations. The increased TOF is 
accompanied by a change in the Mössbauer spectra of the Fe2+ cations. These 
cations exhibit spectra which are indicative of cations moving from sites of high 
coordination (Site I) tQ sites of lower coordination (Sites I'/II' and/or II). In 
addition, the rate of oxidation of the cations decreases with increasing Si 
content of the lattice. When Eu and Fe are coexchanged into a Y zeolite, which 
hasn't had its silicon-to-aluminum ratio increased, the Fe2+ Mössbauer spectrum 
is intermediate between those of the Fe exchanged Y-zeolites having silicon-to-
aluminum ratios of 4.5 and 6.2 as determined by 29Si NMR. The catalytic 
activity for N2O decomposition, while greater than normal Fe-Y, is less than 
expected from correlation with Mössbauer spectra. This observation is 
discussed in terms of interaction between Eu and Fe. When Eu is present 
alone it does not undergo redox until the temperature is increased to 873 K. 
When both cations are present Eu can undergo redox half reactions at 723 K. 
EPR spectra show that different sites may be involved when both cations are 
present as opposed to when Eu is present alone. 

0097-6156/90/0437-0066$06.00/0 
© 1990 American Chemical Society 
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6. DUMESIC AND MILLMAN Redox Catalysis in Zeolites 67 

Catalytic oxidation-reduction (redox) reactions in zeolites are generally limited to 
reactions of molecules for which total oxidation products are desired. One important class of 
such reactions falls under the category of emission control catalysis. This encompasses a broad 
range of potential reactions and applications for zeolite catalysts. As potential catalysts one may 
consider the entire spectrum of zeolitic structural types combined with the broad range of base 
exchange cations which are known to carry out redox reactions. 

Transition metals exchanged into Y-zeolite offer a basis upon which to build an 
understanding of the important parameters involved in designing zeolitic redox catalysts. Y-
zeolite was chosen for this study because it is the most thoroughly characterized catalytic zeolite. 
Thus, one can address such questions as what non-framework cation sites are occupied, whether 
the cations move between sites, whether interactions between the cations themselves are im
portant and how these factors relate to the kinetics of catalytic reactions. 

The choice of exchange cation is limited to those which do not undergo reduction to the 
metal, as redox reactions using these systems are generally irreversible (1). A criterion for long 
term catalytic stability of exchangeable cations in zeolites is the ability to undergo repeated 
oxidation and reduction cycles and to reach a reproducible stable state after each cycle. This 
criterion provides the possibility of a catalyst not only showing good activity, but also of having 
a long catalytic life. Two redox couples which will be discussed here are Fe3+ - Fe2+ and Eu3 + -
Eu2 +. 

The reversibility of the redox cycle involving H 2 and 0 2 was established for Fe by 
Boudart and co-workers (2) using Môssbauer spectroscopic techniques. They proposed that the 
oxygen was held between two Fe3+ cations. Fu et al. (3) showed that Fe-Y acted as a redox 
catalyst for reactions of CO with NO, CO with Ο» and N20 with CO. The ability of Fe-Y to 
decompose N20 into its elements was established in the work of Hall and co-workers (4), who 
also showed that Fe-Mordenite was as active as Fe-Y, despite containing only 16% as much Fe 
as its Y-zeolite counterpart. This difference in catalytic activity was thought to result from 
differences in the environments of the Fe within the zeolite structures. The objective of the 
present study was to alter the cation environment and relate that environment to the catalytic 
activity; this was accomplished by varying the silicon-to-aluminum ratio of Y-zeolite and by co-
exchanging Fe with Eu. 

EXPERIMENTAL 

The starting material for preparation of the samples was Linde Na-Y (SK-40, lot 
1280-133). Before ion-exchange, the samples were washed with a pH 5.0 buffer solution. The 
procedures used to introduce Fe2+, Eu3 + and other ions have been described earlier (5). The 
iron containing samples were stored under vacuum after preparation and drying under N2 at 400 
Κ for 5 h followed by oxidizing in 25% 0 2 in He at a final temperature of 773 Κ for 2 hr. Gases 
were purified by standard means (6). 

Spectroscopic characterization of the zeolites was carried out using a variety of 
techniques. The equipment is listed below: 

1) Austin Science Associates Model S-600 Môssbauer Spectrometer equipped with a Tracor-
Northern Model N6-900 multi-channel analyzer. 

2) Varian Model E-115 ESR spectrometer equipped with variable temperature accessories, 
covering a range from 2.4 Κ to 600 K. 
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68 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

3) A Spectrascan IV plasma spectrophotometer used for elemental analysis in determining the 
unit cell compositions. 

4) A Phillips X-ray powder diffractometer equipped with scintillation counter and computer 
interface was used for crystallinity determinations. 

Redox reactions and corresponding half-reactions were carried out in a Cahn Model 
C-2000 electrobalance operated in a flow mode to determine the oxidation state from weight 
changes. Catalytic activity was determined using a single pass differential flow reactor. Products 
were analyzed by a UTI100-C quadrupole mass spectrometer using continuous sampling. This 
system is described more completely elsewhere (6). 

The catalysts used in this study are described in Table 1 by their unit cell compositions. 

a) The value in parentheses is the Si /Al ratio from 2 y S i N M R . 
b) Cell compositions based on elemental analysis. The Si substituted samples are normalized to Si + A l = 192. 

The location of the exchangeable cations within the zeolite matrix has been the subject of 
study by different techniques. First the use of xray diffraction has been sucessfully applied for 
single cations in some cases (10). Another technique which has had some recent sucess to 
univalent and divalent cations is Far IR(ll). Mid-IR has been used to follow the change in 
location of cations as a function of time when exposed to different gas phase environments (9), 
however this method is a rather indirect method for determining the location of the cations. The 
technique which we will rely on here is principally Môssbauer spectroscopy. While this technique 
is an indirect method it provides coordination environment information and oxidation state 
information in the short range (next nearest neighbor). Particularity with the silicon substituted 
zeolites this is the only information which can be used to infer cation location because the 
substitution of Si for Al is random (12) and no long range order is present either within the β-
cages of a unit cell or between unit cells, thus making it difficult to extract reliable information 
from techniques which rely on long range ordering. Thus, Môssbauer together with ESR 
spectroscopy will be used there to indirectly infer changes in cation location. 

Môssbauer spectra of the F̂e in these samples following oxidation at 725 Κ are shown in 
Figure 1. The spectra show that as the silicon-to-aluminum ratio increases the spectra change 
from two doublets having isomer shifts of 0.38 and 0.33 mm/s to three doublets having isomer 
shifts of 0.36, 0.34 and 0.95 mm/s and associated quadrupole splittings of about 1.85,1.08 and 
0.68 mm/s. The first two doublets are associated with Fe(III) while the third having higher 
isomer shift is associated with Fe(II) which has not been completely oxidized, as will be seen in 
the spectra of the reduced samples. It is evident that the contribution of the Fe(II) species in
creases with the silicon-to-aluminum ratio. The spectrum of the EuFe-Y sample (Fig. IE) is 
similar to that of the normal Fe-Y (Si/Al = 2.4). 

Table 1. Unit Cell Composition of Catalysts 
Sample* Unit Cell Composition6 

FeY(2.4) 
FeY(3.5) 
FeY(4.5) 
FeY(6.2) 
EuY 

Hs^Na^Fe^AlO^SiO^^ 
H^a^Fe^AlO^iSiOj)^ 
H^aJFe^AlO^uiSiO ^ 
H^Na54Fe8.0(AlO2)23^(SiO2)168k2 

NanEu^AlO^SiO^ 
EuFeY H o ^ ^ F e ^ A l O ^ S i O j ) ^ 

RESULTS AND DISCUSSION 
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Figure 1. Môssbauer Spectra of Fe in oxidized samples, a) FeY (2.4); b) FeY (3.05); c) FeY (5.0); d) 
FeY (6.2); e) EuFeY. All samples oxidized in flowing 0 2 at 725 Κ diluted 75% with He. 
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70 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Hydrogen reduction of the above samples results in the Môssbauer spectra shown in 
Figure 2. It is apparent that as the Si/Al ratio increases the spectral contribution of the Fe with 
the smaller quadrupole splitting (QS) increases at the expense of the signal with the larger QS. 
These signals are denoted as the inner and outer doublets, respectively. As shown in Fig. 2E, 
incorporation of Eu together with Fe results in spectra nearly identical to that in Fig. 2C, which 
has a Si/Al ratio of 6.2. 

Because quadrupolar interactions depend on the coordination environment of the ion, 
changes in Môssbauer quadrupole splittings are sensitive to the sites at which the cations are 
located, whereas differences in the isomer shift are sensitive to the oxidation state of the ion. For 
reduced samples, the ferrous cations in site I have been assigned to the outer doublet, while those 
in sites Γ, IF and/or II have been assigned to the inner doublet (2). 

The changes in the Môssbauer spectra as the Si/Al ratio increases are interpreted as iron 
cations moving out of site I into the B-cages and possibly the supercages. Thus, at the higher 
Si/Al ratios the fraction of Fe in more accessible sites is greater. This change with Si/Al ratio 
is also consistent with what has been observed for the exchangeable ions in going from X-zeolite 
to Y-zeolite. It is also consistant with calculations of the charge density at the different locations 
as a function of increasing Si content (13), ie., the charge density at Site I decreases with 
increasing Si content. 

The changes in the location of iron cations as one changes the Si/Al ratio or introduces 
a large, high-valent cation discussed above are reflected in the ability of the zeolites to carry out 
redox catalysis. Figure 3 shows the turnover frequency (TOF) as a function of the silicon-to-
aluminum ratio of the zeolite (as determined by Ŝi NMR) for the decomposition of N20 into 
its elements. The EuFe-Y sample (shown as a solid square) clearly has a TOF corresponding 
to a sample having a Si/Al ratio of about 3, i.e., its TOF is about 10 times greater then normal 
Fe-Y. Yet, a comparison of the Môssbauer spectrum for the EuFe-Y sample with spectra for 
the silicon-substituted Fe-Y samples suggests that the activity of the former sample should have 
been about 100 times greater than normal Fe-Y, based on the catalytic activity results for the 
silicon-substituted Fe-Y series of samples. Thus, there is clearly some other factor involved in 
addition to location of the cations. 

Eu-Y shows essentially no activity for N20 decomposition, and 151Eu Môssbauer 
spectroscopy indicates that the Eu does not undergo reduction in 1 atm of flowing H 2 at 700K 
for 5 h. However, when Fe is present, reduction of Eu does occur. Unfortunately, 151Eu does 
not have a large quadrupolar splitting so that no information concerning the location of these 
cations is available from the Môssbauer spectroscopy. 

Iton (7) has shown that ESR spectroscopy provides information on the location of Eu ca
tions in Y-zeolite. The ESR spectra of Eu2 + in EuFe-Y are shown in Figure 4A, following 
reduction in CO for 50h at 770 K. The spectra are characterized by three effective g-values at 
6.0, 4.9, and 3.0. The first two resonances are associated with Eu at sites F, IF and II (7). 
Treatment in a 3:1 mixture of CO and 0 2 leads to a significant, and rapid decrease in the 
intensity of the resonance at g^ = 4.9, indicating a rapid conversion to Eu3 +. This is in 
agreement with the changes in EPR spectra observed upon treatments of reduced samples with 
02. Of the sites Iton assigned to this resonance, site II is the most accessible; therefore, we 
interpret the resonance at 4.9 to Eu2+ cations at this site. Unlike site IF, Eu cations at site II do 
not have the possibility of interacting with another ion at site F. This leaves the resonance at 6.0 
to be associated with sites F and IF. Recalling the Môssbauer spectra of EuFe-Y, Fe was also 
shown to be located at Sites I, and II, and thus the possibility exists for interactions between the 
two different cations. 
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5 

29 < 
Figure 3. Turnover frequency for Fe containing samples of different Si to Al ratios for N 20 
decomposition (o). The EuFeY data (·) represents where the turnover frequency (all transition 
metal cations) of N 20 decomposition fall on the line for samples of varying Si to Al ratios. 

Figure 4. X band ESR spectra of EuFeY. a) spectrum following reduction at 770K for 50 in 1 atm 
of CO b) spectrum of a following 1 minute treatment in .8 atm of a 3:1 mixture of CO to 02. 
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6. DUMESIC AND MILLMAN Redox Catalysis in Zeolites 73 

Comparing the rates of oxidation and reduction between the high-silica Fe-Y and EuFe-Y, 
one finds that the Fe-Y is difficult to oxidize while the EuFe-Y is difficult to reduce. This is 
illustrated in Figure 5, where the EuFe-Y sample is in a completely oxidized state with a CO:02 

gas ratio of 10:1 at 773 K, while Fe-Y is not completely oxidized in pure 0 2 at 773 Κ (6). Thus, 
considering that the decomposition of N20 is limited by the rate of reduction of the metal cation 
(4), the EuFe-Y sample would be expected to have a lower TOF than the Fe cation distribution 
would predict. This is likely due to the influence of Eu-O-Fe pairs in sites Γ and IF which are 
more difficult to reduce than Fe-O-Fe pairs. One could further predict that the EuFe-Y sample 
would be more active than the Fe-Y with high Si/Al ratio for reactions which are limited by rate 
of oxidation of the cations. 

50 

2 2 0 

.... 

r fC0/02 Ratio 

0 2 

1SL 

60 
02 

CO 
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ExposureTime, 
Figure 5. Oxidation-reduction cycles for EuFeY (A) and FeY (6.2) (B). The additional weight in 
N20 represent the added ease with which the two electron process occurs relative to the four 
electron process in 02. The data indicate the treatment gas on top of the horizontal lines and the 
time of treatment in hrs below the line. 
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An explanation of the difficulty of oxidizing the high-silica Fe-Y samples can be related 
to the zeolite structure and the nature of the oxidizing gas. Although the Fe in the high-silica 
Y-zeolite samples is not completely oxidized in molecular oxygen, it is converted to Fe3+ when 
the oxidizing agent is N20. One must consider that in the first case four electrons are involved 
in the reaction, while in the second case only 2 electrons are involved. An oxidation process 
which requires 4 electrons needs 4 cations, if each cation can undergo a one electron change in 
oxidation state. If we take for example, a pair of cations at site Γ and IF, then we have a 
requirement of two sets of these sites for reaction with 02. However, as the Si/Al ratio is 
increased, the probability of having two sets of these sites in close proximity decreases. 
Accordingly, one could still accommodate a 2-electron process such as reaction with N20, but a 
4-electron process becomes more difficult to accommodate. Because these reactions occur at 
elevated temperatures one could expect cations to migrate, and in fact complete oxidation in 0 2 

can be accomplished with Fe-Y at 850 Κ for 80h. However, the rate at which the last 10 % of 
the iron is oxidized is very slow, occurring over about 75 h. 

CONCLUSION 

Altervalent metal cations exchanged into zeolites can function as oxidation-reduction 
centers. Importantly, the redox properties of these cations can be controlled by altering the 
structure of the zeolite, the Si/Al ratio of the zeolite and by co-exchanging the zeolite with a 
second metal cation. The factors responsible for controlling the redox properties of the exchange 
cations are (i) the site-locations of the cations in the zeolite, (ii) the formation of cation-oxygen-
cation bridges in oxidized samples, and (iii) the separation between exchange cations. The 
present paper has documented the above phenomena for Fe-Y and EuFe-Y with respect to N20 
decomposition. More generally, we suggest that zeolites offer the possibility of formulating redox 
catalysts with controlled catalytic properties. 
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Chapter 7 

Propylene Conversion over Silicoaluminophosphate 
Molecular Sieves 

Robert T. Thomson1, Norazmi Mat Noh, and Eduardo E. Wolf 

Department of Chemical Engineering, University of Notre Dame, 
Notre Dame, IN 46556 

The catalytic activity of silicoaluminophosphate molecular sieves 
(SAPO-5, SAPO-11, SAPO-34) has been studied during propylene 
conversion. During the reaction, SAPO-34 and SAPO-5 yielded C2-
C7 hydrocarbons but both catalysts deactivated severely during 
reaction. The initial activity of SAPO-34 which contained sites of 
stronger acidity was higher than SAPO-5. SAPO-11, showing lower 
activity than SAPO-5 and SAPO-34 as well as rapid deactivation, 
yielded only C6 hydrocarbons. Differences in the product distribution 
observed during both reaction studies arise from the different acidity, 
pore structure and pore size of the SAPO molecular sieves. 

Syngas conversion to methanol has been shown to take place on supported palladium 
catalyst [1]. Methanol can in turn be converted to gasoline over ZSM-5 via the MTG 
process developed by Mobil [2]. In recent work we have reported syngas (CO/H2) 
conversion to hydrocarbon products on afunctional catalysts consisting of a 
methanol synthesis function, Pd, supported on ZSM-5 zeolites [3]. Work on syngas 
conversion to hydrocarbon products on Pd/SAPO molecular sieves has been 
published elsewhere [Thomson et. al., J. Catal.. in press].Therefore, this paper will 
concentrate on propylene conversion. 

Conversion of low molecular weight olefins to longer chain aliphatic 
products, a reaction of industrial importance, has traditionally been performed over 
amorphous solid acid catalysts, such as silica-alumina and silica treated with 
phosphoric acid [4]. Recently, shape-selective molecular sieves, most notably the 
medium-pore zeolite ZSM-5 [5-8], have been investigated as catalysts for the 
conversion of light olefins to heavier species. At high temperatures or long contact 
periods, gasoline or diesel range fuel can be selectively formed from a mixture of C3 
and C4 olefins, with the product distribution being sensitive to both temperature and 
1Current address: Mobil Research and Development Corporation, Paulsboro Research 
Laboratory, Paulsboro, NJ 08066 

0097-6156/90/0437-0075$06.00/0 
© 1990 American Chemical Society 
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olefin partial pressure [5]. Over ZSM-5, Tabak et. al.[5] reported that equilibrium 
limitations on the product distribution were found to be dominant above 625 K. 
Researchers at Union Carbide have examined olefin oligomerization over SAPO 
molecular sieves, with several of these catalysts displaying activity for the synthesis 
of higher olefins from propylene [9]. Narrow-pore SAPO-34 was quite active in the 
synthesis of light olefins, but wide-pore SAPO-5 deactivated quickly. SAPO-11 and 
SAPO-31, both having medium-sized pores, selectively converted propylene to liquid 
aliphatic hydrocarbons, thus providing an attractive route from light olefins to 
gasoline-range products [10]. 

The reaction pathway for propylene conversion is believed to consist of three 
acid-catalyzed steps [5]; (1) oligomerization of C3H6 to hexenes, nonenes, etc., (2) 
cracking of long chain olefins to smaller olefins, and (3) copolymerization of 
propylene with product olefins. The initial step in this route accounts for the high 
yields of C9, C\2 observed by Tabak [5] and Wilshier et. al. [8] at low reaction 
temperatures (ca. 450 K). Successive cracking (step 2) and repolymerization (step 3) 
within the molecular sieve pores leads to the equilibration of the olefin mixture [5,6]. 
High temperatures and long contact times, by increasing the number of reactions, 
would therefore be expected to lead to a product distribution closer to equilibrium. 
The properties of the acid sites, as expected, play an important role in determining 
final products. The extent to which the original oligomerization reactions occurs and 
the rate at which long chain olefins are cracked will ultimately determine if the product 
distribution approaches equilibrium predictions. Deviations from equilibrium 
observed in zeolite-catalyzed systems reflect the shape-selective properties of the 
catalyst. 

Propylene conversion over three SAPO molecular sieves (SAPO-5, SAPO-
11, and SAPO-34) was conducted at a variety of operating conditions. Catalyst 
behavior was correlated with the physical and chemical properties of the SAPO 
molecular sieves. The objective of this work was to determine the relative importance 
of kinetic and thermodynamic factors on the conversion of propylene and the 
distribution of products. The rate of olefin cracking compared to the rate of olefin 
polymerization will be addressed to account for the observed trends in the product 
yields. The processes responsible for deactivation will also be addressed. 

Experimental Methods. 

Catalysts Preparation. The silicoaluminophosphate (SAPO) molecular sieves 
employed in this study were synthesized in the laboratory of Professor Mark Davis in 
the Department of Chemical Engineering of the Virginia Polytechnic Institute, 
following the methods reported in U.S. Patent 4,440,871. The three different 
samples, distinguished by their microscopic structure, were the wide-pore SAPO-5, 
medium-pore SAPO-11, and the narrow-pore SAPO-34. Verification of their 
microscopic structure (through x-ray diffraction) and micropore diameters (by argon 
adsorption measurements) was performed at VPI. The SAPO molecular sieves were 
provided in the ammonium cation form. Ex situ calcination at 873 Κ for one hour in 
oxygen was performed on the SAPO samples prior to their use as catalysts for the 
propylene conversion. 

Catalysts Characterization. Following pretreatment of the SAPO molecular sieves, 
the catalysts were characterized by temperature programmed desorption (TPD) of 
ammonia and infrared spectroscopy. To assess the acidity of the samples, the 
desorption of ammonia from the catalysts was performed in a manner similar to that 
described by van Hooff et. al. [11]. For the ammonia TPD experiments, typically 
0.1 gram of the molecular sieve sample was supported on quartz wool inside a 9 mm 
O.D. quartz reactor equipped with axial thermowell which contacted the top of the 
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sample bed. The reactor was heated by a 300 watt heating jacket (Briskheat), and 
temperature was monitored by a Eurotherm 211 programmable temperature 
controller. Analysis of the reactor effluent stream was performed using a thermal 
conductivity cell detector. 

The samples were initially outgassed in 30 cc/minute of helium flow (Linde Ultra 
High Purity) at 323 Κ for 30 minutes. Following outgassing, the temperature was 
kept constant as 60 cc/minute of nitrogen (Linde Prepurified) was introduced as 
carrier gas for ammonia. Shortly thereafter, ammonia was introduced into the 
nitrogen stream and, hence, into the reactor. After 15 minutes of this flow pattern, the 
ammonia inlet valves were closed and nitrogen was passed over the sample for ten 
minutes. Thereafter, the carrier gas was switched to helium for use with the TC cell. 
Helium outgassing (30 cc/minute) continued as the sample was held at 323 Κ for one 
hour, then heated at a rate of 5 K/minute to 373 K. The reactor temperature was held 
at this higher level for one hour, then cooled to 323 K. Following outgassing, helium 
was then allowed to flow through the TC cell for ammonia detection. 

During ammonia TPD the sample was heated from 323 Κ to 823 Κ at 10 
K/minute, followed by a ten minute hold at this upper temperature, after which time 
the setpoint was dropped to 323 K. Evaluation of the sample was repeated using the 
same procedure until reproducible results were achieved, which required three to four 
cycles. 

Characterization of the acid sites on molecular sieve catalysts was also 
performed by infrared spectroscopy. FTIR analysis of the molecular sieve catalyst in 
the form of wafers placed in a glass cell was performed in vacuo. The samples were 
prepared by compressing 30 mg of catalyst into 1.9 cm diameter wafers. After 
placing the sample in the holder and evacuating the cell down to approximately 10"̂  
torr, the wafer was moved to the furnace section of the cell, heated at a rate of 6 
K/minute to 650 K, and maintained at this upper temperature for 30 minutes. 
Following pretreatment, the sample was moved to the path of IR beam and allowed 
to cool to 300 K. After collection of reference spectra under vacuum, the cell was 
filled with 760 torr of ammonia (Matheson Anhydrous Grade). After five minutes of 
exposure to ammonia, the sample was again evacuated to 10"2 torr. The spectra 
collected after NH3 adsorption, which was found to be stable within ten minutes, 
was compared to that obtained immediately following pretreatment. The nature of the 
acid sites on the molecular sieve was determined by examining the features in the 
3400 cm"1 to 3900 cm"1 range. 

Supported palladium catalysts for syngas conversion were characterized by 
CO chemisorption, ammonia TPD and SEM. Compositional characterization using 
XRD, MAS NMR and argon adsorption were done at VPI. 

Activity Studies. Propylene conversion over the specified catalysts was performed in 
a 9 mm o.d. quartz tubular reactor. The amount of catalyst charged into the reactor 
was 0.1 gram of SAPO-5, while only 0.05 gram of SAPO-11 and SAPO-34 was 
used to ensure constant contact time. The catalyst powders in the form of fine 
particles (100-200 μπι) were supported on quartz wool in the reactor, equipped with 
an axial thermowell which contacted the top of the catalyst bed. Reaction temperature 
was monitored by an Omega Model 4002 temperature controller and gas flows 
regulated by Brooks mass flow controllers. 

All product analysis of effluent gas streams was performed by on-line gas 
chromatography. Two different gas chromatographs were employed, each with 
heated sample valve connected to the reactor effluent stream. Analysis of light (Ci-
C£) hydrocarbons and dimethyl ether was performed by a Varian 1400 GC equipped 
with flame ionization detector. Separation of the products was accomplished by a 20! 

column (1/8" O.D.) packed with Porapak Q. Analysis of hydrocarbons in the C5 to 
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C\2 range was accomplished by use of a Supelco SPB-1 capillary column, which is 
60 meters long with an inside diameter of 0.75 mm. In the course of sample analysis, 
the column temperature was held at 308 Κ for 12 minutes following sample injection, 
then increased at 4 K/minute to 398 K, where the temperature was held constant for 
10 minutes. This heating pattern provided good separation characteristics, allowed 
products up to C\2 to elute before cooling, and permitted capillary column analysis of 
the reactor effluent streams every 60 minutes. 

After outgassing for thirty minutes with nitrogen (Linde Prepurified) at 
ambient temperature, all catalyst samples were pretreated at 650 Κ in nitrogen for one 
hour. Following pretreatment, the samples were cooled to reaction temperature, then 
exposed to a stream of propylene (Matheson CP. Grade) diluted in nitrogen. 
Reaction temperatures ranged from 550 Κ to 650 K, and C3H6 inlet partial pressures 
of 16.2 kPa to 35.8 kPa were used. Diluted streams of 1-butene (Matheson CP. 
Grade) were also used. Total inlet flow rate was held constant at 100 cc/minute, and 
all experiments were performed at atmospheric pressure. 

Results 

Catalyst Characterization. The three SAPO molecular sieves employed in this study 
represents the three pore sizes of molecular sieves, ranging from 0.4 nm to 0.8 nm. 
While SAPO-5 and SAPO-11 have unidimensional pores, SAPO-34 has a 
multidimensional pore system with supercages. The chemical composition and total 
ammonia uptake of the three SAPO molecular sieves are listed in Table I. 

Table I. Framework Composition and Quantitative Analysis of Ammonia Desorption 
Experiments for SAPO Molecular Sieves 

Total NH 3 

Desorbed 
Catalyst Composition Cmoles/gcari X ! Q 4 

SAPO-5 (Si 0 5 A1 5 P 4 5 ) θ 2 6.1 
SAPO-11 (Si()6Al49P44)02 5 · 6 

SAPO-34 (Si 0 7 A1 5 2 P 4i)0 2 15.7 

The patterns observed during ammonia desorption from SAPO-5 (Figure la) 
and SAPO-11 (Figure lb) exhibited similar qualitative and quantitative acid character, 
while SAPO-34 showed peaks at both low and high temperatures during ammonia 
desorption (Figure lc). Table I lists the total amount of ammonia desorbed (total area 
beneath curves given in figure 1) from each sample. 

Characterization of the catalyst acid sites by infrared spectroscopy correlated well 
with the results of ammonia desorption experiments. The transmission spectra of 
HZSM-5 (Figure 2a), and SAPO-34 (Figure 2b) following in vacuo pretreatment at 
650 Κ all showed absorbance bands near 3610 cm"l Since these two molecular 
sieves were the only samples to show high-temperature NH3 desorption peaks 
(Figure 1), the acid sites which generate the 3610 cm"l band are relatively strong. 
This conclusion for HZSM-5 has also been reached by other investigators [13]. The 
amount of infrared radiation which passed through the SAPO-5 and SAPO-11 wafers 
was not sufficient to permit evaluation of the acid sites by this method. 
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300 h 

400 500 600 700 800 

Temperature (Κ) 

Figure 1. Patterns of Ammonia Desorption During Programmed Heating of 
Molecular Sieve Samples (T= 50 C - 550 C at 10 C/min) a) SAPO-5 b) SAPO-
11c) SAPO-34 

3900 3600 3300 

WAVENUMBERS (cm' 1 ) 

Figure 2. Infrared Spectra of a) ZSM-5 and b) SAPO-34 catalysts Wafers 
Following in vacuo Pretreatment. 
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Activity StvdteSt 

Propylene Conversion. Catalyst activity studies for the three SAPO samples were 
initially conducted at a temperature at 550 Κ and propylene partial pressure of 16.2 
KPa. Since the observed activity of the SAPO catalysts was low (conversion never 
exceeding 15%, and most often below 3%), rates of reaction are reported assuming 
differential reactor behavior. Deactivation occurred in all cases, with the loss in 
activity of SAPO-5 and SAPO-34 being particularly rapid (Figure 3). The severity of 
SAPO-34 deactivation at 550 Κ made estimation of its initial activity (the rate of 
propylene converted at time-on-stream= 0 hours) difficult. However, it is clear that 
the narrow-pore SAPO-34 displayed the highest initial catalyst activity, with the 
medium-pore SAPO-11 and the wide-pore SAPO-5 having almost equal initial 
activities. 

At the initial sampling point (time-on-stream= 1/2 hour for SAPO-5 and 
SAPO-34, and time-on-stream= 1 hour for SAPO-11), propylene conversion over the 
three SAPO molecular sieves yielded different product distributions (Figure 4). Both 
SAPO-5 and SAPO-34 produced C2-C7 olefins, with the latter catalyst also 
synthesizing a significant amount of hydrocarbons in the C% range. The wide-pore 
molecular sieve showed the highest yield of hexenes, while the narrow-pore SAPO-
34 produced primarily linear butènes. In contrast, reaction over the medium-pore 
SAPO-11 led to only hexenes, with no evidence of the C9 trimer or other products. 
The isomeric distribution among the C^ olefins from the three SAPO samples also 
depended on the choice of catalyst (Table II). The identification of the C6 isomers 
were approximated from the boiling point data. Analysis of the products from 
SAPO-34 showed that primarily straight-chained hexene isomers were formed by the 
narrow-pore molecular sieve, with only three distinct peaks present in the trace from 
the capillary column. Both SAPO-5 and SAPO-11 yielded a broader range of Cg 
olefins, with the distribution from the medium-pore catalyst showing many 
similarities to the distribution found from the medium pore ZSM-5 [17]. SAPO-5 
appeared to have greater selectivity for highly branched C6 olefins than SÀPO-11. 

Table Π. Chromatographic Analysis of Major Hexene Products From Propylene 
Conversion Over SAPO Catalysts 

(Propylene Inlet Pressure= 16.2 KPa) 

Possible Isomers (tentative assignments) 
Reaction methyl trans-2 cis-2 other 

Catalyst Temp. (K) pentenesl-hexene hexene hexene 3-hexene hexenes 

SAPO-5 550 0.87 0.43 1.0 0.13 0.72 0.36 
SAPO-11 550 0.28 0.43 1.0 0.22 0.74 0.06 
SAPO-34 550 0.0 0.11 1.0 0.25 0.0 0.0 

The activity of the SAPO catalysts was also studied at different operating 
temperatures. The rapid deactivation of SAPO-5 and SAPO-34 required the use of 
fresh catalyst samples and limited catalyst evaluation to just two temperatures at 550 
Κ and 650 K. The rate of deactivation, as well as the rate of propyleneconversion, 
depended on the operating temperature (Figure 5). In contrast to reaction over the 
ZSM-5 catalysts [17], propylene conversion increased at higher temperature over 
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SAPO-11 

T i m e - o n - S t r e a m (hours) 

Figure 3. Comparison of Deactivation Trends over SAPO Molecular Sieves 
(Propylene Inlet pressure= 16.2 kPa, Temp.= 550 K) 

~4 ^5 ~6 
Product Olefins 

Figure 4. Distribution of Non-Propylene Olefins Products Over SAPO 
Catalysts (Propylene Inlet Pressure= 16.2 kPa, Temp.=550 K, time= 30 min) 
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Time-on-Stream (hours) 

Figure 5. SAPO Activity and Deactivation Trends During Propylene 
Conversion at Various Temperatures (a) SAPO-5 (b) SAPO-34 
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SAPO-5, with the estimated initial activity being five-fold higher at 650 Κ than at 550 
Κ (Figure 5a). The narrow-pore SAPO-34 displayed very different trends. Estimated 
activity at time-on-stream= 0 hours was much higher at the lower temperature, but the 
catalyst deactivated at a slower rate at the higher temperature (Figure 5b). The loss of 
SAPO-34 activity was so rapid that less than 10% of its estimated initial activity at 
550 Κ remained after just ninety minutes of elapsed time. The product distribution 
from the wide-pore and narrow-pore SAPO's at 650 Κ changed as the propylene 
conversion decreased. At the lower temperature (550 K), the relative yields of olefins 
other than propylene remained fairly constant during the entire exposure period over 
both SAPO-5 and SAPO-34. At higher temperature, the yield of hexenes from 
SAPO-5 increased with decreasing propylene conversion, going from 38% at time-
on-stream of 1/2 hour to 67% after 7.5 hours (Figure 6a). The narrow-pore SAPO-34 
showed increased preference of ethylene and hexene products at greater exposure 
times, with these olefin products accounting for nearly 40% of the converted 
propylene after 7.5 hours (Figure 6b). The color of the catalysts, both white before 
before reaction, changed after propylene conversion, with SAPO-5 ending up black 
and SAPO-34 becoming greenish-blue. 

The rate of SAPO-11 deactivation was sufficiently slow to permit the use of a 
single sample for evaluation at various temperatures. Over SAPO-11, only hexene 
products were synthesized at all conditions employed in this study. Increased 
temperature led to decreased propylene conversion (Figure 7). Use of n-butene feed 
over SAPO-11 resulted in the selective formation of C% range products. Analysis of 
the reaction products indicated that despite the exclusive formation of dimers from 
propylene or butene feeds, the effluent stream contained a large number of isomers. 
The variety of isomers resulting from the dimerization reaction suggests that skeletal 
rearrangement of olefins is possible without olefin cracking occurring on the SAPO-
11 acid sites. (See Figure 8.) 

Discussion. 

Olefin oligomerization were found to occur on SAPO molecular sieves, though their 
activity was far less than the of zeolite ZSM-5[17]. While showing very different 
initial activity , the wide-pore SAPO-5 and the narrow pore SAPO-34 both 
deactivated severely (Figure 3). Both of these catalysts yielded a wide spectrum of 
products presumably following the pathway described by Tabak et. al. [5], in which 
numerous olefin polymerization and scission reactions take place. Strangely, medium 
pore SAPO-11 showed complete selectivity for olefin dimers 

The relative rates of olefin combination and scission influence the severity of 
SAPO-34 deactivation. Formation of large hydrocarbon molecules in the supercages 
of this narrow-pore molecular sieve is the most likely reason for its loss in activity 
with time on stream (Figure 5b). The rate of "coke" formation within the SAPO-34 
framework therefore depends on the rate at which large olefins are cracked and 
isomerized to products which can diffuse out of the micro pores (i.e. linear olefins). 
The rate of SAPO-34 deactivation at 650 Κ is slower than at 550 K, which may be 
due to the faster cracking of large molecules, more rapid isomerization, and faster 
diffusion through the 4.3 A pores at the higher temperature. 

In addition to the rates of olefin reactions, mass transfer also plays an 
important role in determining the extent of propylene conversion and the product 
distribution from SAPO molecular sieves. Restrictions on molecular movement may 
be severe in the SAPO catalysts, due to pore diameters (4.3 Â for SAPO-34) and 
structure (one-dimensional pores in SAPO-5 and SAPO-11). The deactivation of 
SAPO-5 and SAPO-11 catalysts may be more directly related to mass transfer than 
the coking of SAPO-34. Synthesis of large or highly-branched products, having low 
diffusivities, inside the pores of SAPO-5 or SAPO-11 essentially block internal acid 
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2 4 6 8 
Time-on-Stream (hours) 

10 

Figure 6. Influence of Catalysts Deactivation on Product Distribution over 
SAPO Catalysts (Propylene Inlet Pressure- 16.2 kPA, Temp.= 650 K) 
(a) SAPO-5 (b) SAPO-34 
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0.20 

550 600 
Temperature ( Κ ) 

Figure 7. Temperature Dependence of Propylene Conversion Rate over 
SAPO-11 

CqH| 3 n 6 

Oligomerization 

C e H 1 2 , C g H 1 8 i C12H24. ·•· 

Cracking 

C 2 H 4 C 3 H 6 , C4H8,... 
Co-Polymerization Cracking 

C 5 H 1 0 » C 6 H 1 2 - ··· 

Figure 8. Route of Acid Catalyzed Conversion of Propylene [6] 

sites. These "coke" molecules limit the entry of reactants and the exit of smaller 
products from the molecular sieve channels. The increase in activity of SAPO-5 at 
higher temperature (Figure 5a) may result from higher diffiisivities of light olefins as 
well as faster movement of coke molecules out of the micropores. This temperature 
effect on coking rates is similar to that reported by Rollman [14]. It is interesting to 
note that the activation energy of intrazeolite diffusion tends to be higher for bulky 
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molecules [15], implying that higher temperatures will have a greater effect on the 
movement of coke precursors. 

The effect which deactivation has on the product distribution from SAPO-5 and 
SAPO-34 can also be traced to diffusion considerations. The yield of hexenes at 650 
Κ from SAPO-5 (Figure 5a) and SAPO-34 (Figure 5b) increased as the C3H6 
conversion levels decreased, suggesting that the probability of the C3H6 dimer 
undergoing further reaction decreases at greater deactivation levels. This trend may 
result from the blockage of internal acid sites, increasing the fraction of C ^ H ^ 
formed near the ends of the pores or on the external S APO surface. Formation of the 
dimer closer to the pore mouths decreases the likelihood of further oligomerization or 
cracking reactions, thus increasing the hexene yield while decreasing the final butene 
and pentene fractions. 

The preferential formation of hexenes over S APO-11 may be consequence of 
the diffusion patterns within the unidimensional micro pores. Reactants must diffuse 
into the channel "next to one another" for a bimolecular reaction to take place. 
Formation of C9 olefins, which would yield C4 and C5 products after cracking, 
requires either (1) diffusion of three adjacent propylene molecules to an active site, or 
(2) formation of hexene, followed by diffusion to the end of the micropore and 
diffusion of adjacent hexene and propylene molecules back towards an acid site. The 
necessity of hexene transfer to the end of the pore via the second pathway increases 
the likelihood of C6H12 desorption to the gas phase before further reaction. The 
selective formation of hexenes over medium-pore SAPO-11, which has a one-
dimensional micropore system similar to the wide-pore SAPO-5, may be a 
consequence of steric restrictions, as will be discussed later. 

While the rates of reactions and mass transfer exert a large influence on the 
catalytic conversion of propylene, the chemical and physical characteristics of the 
S APO molecular sieves must also be addressed. SAPO-34, having the greatest initial 
activity among the SAPO catalysts (Figure 3) possesses strong acid sites (Figures lc 
and 2b). In both forms of characterization, the strength of the acid sites on SAPO-34 
appear to be equivalent to those on HZSM-5. Therefore, on ZSM-5 and SAPO 
catalysts, acid sites of greater strength lead to higher amounts of olefin products. 

The acidity and micropore diameter of SAPO-11 may account for the absence 
of non-dimer products from propylene conversion over this catalyst. Comparison of 
the NH3 desorption patterns from the wide-pore SAPO-5 (Figure la) and medium-
pore SAPO-11 (Figure lb) reveals nearly identical acidic features. However, lack of 
products other than hexenes from SAPO-11 indicates that, unlike SAPO-5, the 
medium-pore molecular sieve is not capable of further oligomerization and cracking to 
produce C4 and C5 products. The absence of nonenes in the reactor effluent may 
result from low intraphase diffusivity, which is expected with larger molecules [16]. 
If propylene trimers exist within the micropores, the absence of butènes and pentenes 
implies that SAPO-11 acid sites are unable to crack olefins. It has been speculated that 
the behavior of SAPO-5 and SAPO-11 for oxygenate conversion is related to the 
formation of tertiary carbon intermediates [17]. The importance of tertiary carbonium 
ions in the cracking of aliphatic hydrocarbons has been discussed by Pines [13]. 
Since SAPO-5 and SAPO-11 have only moderately acidic sites, formation of tertiary 
carbonium ions may be required to crack olefins, due to the added stability of such 
intermediates over secondary and primary species. The micro pores of SAPO-5, 8.0 
Â in diameter, should easily accommodate a tertiary carbonium ions. However, the 
medium-sized, elliptical pores of SAPO-11 may not allow the formation of the 
highly-branched intermediate. Therefore, the absence of butènes and pentenes may 
indicate steric restrictions on reactions catalyzed by SAPO-11, a problem not 
encountered over SAPO-5, which yields a variety of olefins during C3H6 
conversion. Selective formation of octenes from n-butene feed provides further 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
00

7

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



7. THOMSON ET AL. Propylene Conversion over SAPO Molecular Sieves 87 

evidence for the inability of the medium-pore SAPO to crack olefins. Propylene and 
pentenes should be found as products of acid-catalyzed C g H i 6 scission [13], yet 
only hydrocarbons in the C4 and Cg ranges appeared in the reactor effluent. 

The pore sizes of SAPO-5 and SAPO-34 affected the distribution of hexene 
products during the conversion of propylene. The major difference in the fraction 
synthesized over SAPO-5 and the medium-pore catalyst SAPO-11 at 550 K, as seen 
in Table Π, lies in the component(s) responsible for the peak with a retention time of 
6.8 minutes, which was significantly larger for the wide-pore SAPO-5 catalyst. If 
olefin retention times during capillary column separation follow the boiling point 
trend, dimethylbutenes will elute earlier man methylpentenes and linear hexenes. The 
peak which appears 6.8 minutes after sample injection represents one of the first 
peaks in the Cg range, suggesting that it is generated by dimethylbutenes. Therefore, 
propylene conversion within the wide-pore SAPO-5 permits the formation of greater 
amounts of dimethylbutenes. The medium-sized micropores of SAPO-11, as with 
HZSM-5, inhibit the formation of dimethyl aliphatics when the branches are located 
on the same or adjacent carbons [18]. Only a limited number of hexene isomers are 
formed over the narrow-pore SAPO-34 molecular sieve (Table II). While 
consideration of the pore size leads to the assumption that all Cg products are straight-
chain, another possibility must also be addressed. Propylene dimers formed within 
the pores of SAPO-34 would be expected to react further and equilibrate rapidly, 
favoring lighter (03,04) olefins. However, reactions on the external surface of the 
crystallite would not experience micropore mass transfer limitations or secondary 
reactions. The initial product of propylene dimerization, 2-methylpentene [13,4], 
would be selectively formed and detected if Cg products resulted primarily from 
reactions outside the micro pores. 
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Chapter 8 

Lattice Concentrations of B-, Ga-, 
and Fe-Substituted Zeolite ZSM-5 

R. J. Gorte, T. J. Gricus Kofke, and G. T. Kokotailo 

Department of Chemical Engineering, University of Pennsylvania, 
Philadelphia, PA 19104 

A method has been developed for determining the lattice 
concentrations of Fe, Ga, and Β in high-silica ZSM-5 based on the 
observation of well-defined adsorption complexes in temperature
-programmed desorption, thermogravimetric analysis (TPD-TGA) of 2-
propanamine and 2-propanol. Following adsorption of 2-propanamine 
on the hydrogen form of these materials, weakly adsorbed molecules not 
associated with the Fe, Ga, or Β lattice sites desorbed unreacted below 
~450K. Following removal of these excess molecules, the coverage on 
each material corresponded to one 2-propanamine/lattice Fe, Ga, or B. 
On H-[Fe]-ZSM-5 and H-[Ga]-ZSM-5, the 1:1 species reacted to form 
ammonia and propene between 600 and 650K; on H-[B]-ZSM-5, it 
desorbed unreacted between 500 and 600K. TPD-TGA measurements 
on samples in which Fe and Ga were not in the ZSM-5 lattice failed to 
observe the adsorption complex. For 2-propanol, 1:1 complexes were 
again observed with H-[Fe]-ZSM-5 and H-[Ga]-ZSM-5. Excess 
2-propanol desorbed unreacted on these materials, leaving a 1:1 complex 
which decomposed to propene and water at higher temperatures. 

An important question in characterization of high-silica molecular sieves regards the 
location of trivalent species, whether these are part of the lattice structure or just present 
as an oxide which is not part of the lattice. A number of methods are available for 
determining the lattice concentration, each with its own advantages and disadvantages. 

0097-6156/90/0437-0088$06.00/0 
© 1990 American Chemical Society 
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8. GORTE ET AL. Lattice Concentrations of Substituted Zeolite 89 

Solid-state NMR can distinguish between lattice and nonlattice species, but is difficult 
to use in some cases. Ion exchange capacity is simple; however, caution must be used 
since ion exchange capability has been observed for high-silica materials. * The size of 
the unit cell determined by x-ray diffraction is widely used to determine lattice 
concentrations, but may be unreliable if the unit cell size is affected by more than lattice 
concentrations.̂  

In this paper, we will discuss the use of temperature programmed desorption as 
a complementary technique for obtaining lattice concentrations for high-silica materials. 
While TPD of ammonia is commonly used as a measure of the number of acid sites in 
zeolites, this paper will discuss the use of the reactive probe molecules, 2-propanamine 
and 2-propanol. It has previously been demonstrated that well-defined adsorption 
complexes, with a stoichiometry of one molecule/Al atom could be observed in high-
silica zeolites for a number of adsorbates.^»^ These complexes were found to be 
independent of S1/AI2 ratio for a series of H-ZSM-5 zeoliteŝ  and were unaffected by 

changes in zeolite structure in going from H-ZSM-5 to H-ZSM-12 and H-mordenite.6 
It was particularly easy to identify the stoichiometric complexes with 2-propanamine 
and 2-propanol, since these molecules reacted at the acid sites to desorb as propene and 
either ammonia or water. In this paper, we will discuss the extention of these ideas to 
molecular sieves which contain Fe, Ga, and Β7»8 

EXPERIMENTAL TECHNIQUES 
The samples were all prepared in a hydrothermal system by sequentially adding TPA-Br 
and Ludox® HS-30 to acidic solutions of either Fe(N03)3«9H20, Ga(N03)3, or boric 

acid. A NaOH solution was then added to lower the pH; and crystallization was carried 
out in unstirred, teflon-lined autoclaves at 175°C for 4-5 days. The samples were then 
rinsed, dried, washed with a 2 M NaOH solution to remove any amorphous material, 
calcined in air, and ammonium ion exchanged. The hydrogen form of each molecular 
sieve was formed by heating the ammonium form in vacuum to 700K. A more detailed 
description of the preparation conditions is given elsewhere7>8 A summary of the data 
obtained by x-ray diffraction, n-hexane adsorption, electron microscopy, and elemental 
analysis for each of the materials is given in Table I. In each case, the unit cell size is 
consistent with the Fe, Ga, and Β being in the crystalline lattice. In addition to the 
above, a sample of high-silica ZSM-5, Si/Al2=880, was obtained from the Mobil Oil 

Company for use as a reference. 
To determine the effect of nonframework species on the adsorption properties, 

materials containing nonframework Fe and Ga were prepared. (Fe203)-ZSM-5 was 
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90 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

obtained by heating H-[Fe]-ZSM-5 in air at 873K for 2 hours. As will be discussed in 
the results section, a fraction of the Fe is probably still present in the framework after 
this pretreatment; however, the sample turned from white to light brown in color and x-
ray diffraction data showed a change in the unit cell volume toward that of a high silica 
zeolite. (Ga2C>3)-ZSM-5 was prepared by impregnating a high-silica ZSM-5 
(Si/Al2=2000) with a Ga(N03>3 solution. The high-silica ZSM-5 was prepared in 

hydrothermal solution with TPA-Br and Ludox® HS-30 as above, with the addition of 
ammonium fluoride for making large, regular-shaped crystals. Ga(NC>3)3 in the 
sample was then decomposed to Ga2C>3 by either heating in vacuum or by heating in air 
to 800K. No noticeable differences were observed in the adsorption properties 
following the two different pretreatment conditions. 

The equipment and procedures used to measure adsorption were the same as 
those used in previous papers.5-9 The TPD-TGA experiments were carried out 
simultaneously in a high vacuum chamber equipped with a Cahn 2000 microbalance 
and a Spectramass quadrupole mass spectrometer. This system could be evacuated 
with a turbomolecular pump to a base pressure below 1x10"? Torr. Between 10 and 20 
mg of zeolite were spread over the flat sample pan of the microbalance to avoid bed 
effects in adsorption and desorption. 10» 1 1 The heating rate for the TPD-TGA 
experiments was maintained at 10K/min by a feedback controller, and a thermocouple 
placed near the sample was used for temperature measurement. During the desorption 
experiment, the sample weight was continuously monitored using the microbalance and 
the desorbing gases were observed using the mass spectrometer which was interfaced 
with a microcomputer to allow several mass peaks to be measured simultaneously. The 
mass peaks monitored were the most intense peaks in the fragmentation patterns of 
ammonia (m/e=17), 2-propanamine (m/e=44), 2-propanol (m/e=45), water (m/e=18), 
and propene (m/e=41). Other experimental details have been discussed elsewhere. 

Prior to each TPD-TGA experiment, the samples were exposed to between 10 
and 15 Torr of 2-propanol or 2-propanamine for approximately 5 min at 295K. This 
exposure was sufficient to fill a substantial fraction of the zeolite pore volume of each 
sample. Desorption measurements were performed following evacuation of the 
samples for 1 to 20 hrs to remove some of the weakly adsorbed species. While the 
evacuation time did affect the amount of weakly adsorbed species observed in TPD at 
lower temperatures, it had no affect on the well-defined, stoichiometric complexes 
observed in this study. Following an adsorption-desorption experiment, the sample 
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8. GORTEETAL. Lattice Concentrations of Substituted Zeolite 91 

weight returned to its original value for each adsorbate on each sample, indicating that 
no residual products were left undetected in the zeolite. 

RESULTS AND DISCUSSION 
Stoichiometric adsorption complexes between an adsorbate and framework Fe, Ga, and 
Β were observed most clearly following 2-propanamine adsorption. Fig. 1 shows the 
TPD-TGA results for 2-propanamine on the H-[Fe]-ZSM-5 and (Fe2C>3)-ZSM-5 

samples and demonstrates the ability of the technique to distinguish between framework 
and nonframework Fe. On both samples, there is simultaneous desorption of propene 
and ammonia between 600 and 650K. That these decomposition products from 2-
propanamine desorb simultaneously and well above their normal, individual desorption 
temperatures? implies that their formation is limited by the reaction of 2-propanamine. 
For the H-[Fe]-ZSM-5, the coverage of 2-propanamine corresponding to this 
desorption event is one molecule/Fe atom. For the (Fe203>-ZSM-5 formed by heating 

H-[Fe]-ZSM-5 in air at high temperatures, the coverage of 2-propanamine 
corresponding to desorption of ammonia and propene is decreased by more than 80% 
based on the relative areas under the propene peak. 

The evidence suggests that 2-propanamine interacts with the protons associated 
with the framework Fe atoms to form 2-propyl ammonium cations which maintain 2-
propanamine in the zeolite to high temperatures. Above approximately 600K, the 
decomposition rate for these cations to form propene and ammonia becomes 
appreciable. The decomposition reaction is very similar to the Hofmann elimination 
reaction found for quaternary ammonium salts and provides indirect evidence that 
ammonium ions are involved in the reaction. When Fe is removed from the framework 
of the molecular sieve, the associated proton site is lost, along with the capability for 
forming the ammonium ion and carrying out the reaction at that site. 

The results for the H-[Ga]-ZSM-5 and (Ga203)-ZSM-5 samples are similar and 

are shown in Fig. 2. For H-[Ga]-ZSM-5, we again see formation of propene and 
ammonia between 600 and 650K, at a coverage corresponding to one 2-
propanamine/Ga. That the decomposition reaction occurs in the same temperature range 
on H-[Ga]-ZSM-5 and H-[Fe]-ZSM-5 does not indicate that the acid sites in these two 
materials are of identical strength. Other evidence suggest that H-[Ga]-ZSM-5 has 
stronger acid sites than H-[Fe]-ZSM-5. Studies of propene adsorption have shown that 
the sites generated by Fe in the ZSM-5 framework are not capable of causing 
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Table I. Properties of zeolite samples used in this study 

Sample 
Volume 

S1O2/T2O3 Particle size 

(μτη) 

Pore Volume 

(cm3/100g*) 

Unit Cell 

A3 

[Ga]-ZSM-5 95 20** .17 5348 

(Ga203)-ZSM-5 50 10x10x50 .16 -

[Fe]-ZSM-5 140 1x10 .15 5382 

[B]-ZSM-5 85 30** .17 5251 

ZSM-5 880 1 .19 5337 

* Obtained from n-hexane adsorption, assuming a liquid density for the adsorbate. 
** Particles were agglomerates of smaller crystallites. 
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Figure 1. TPD-TGA results for 2-propanamine on H-[Fe]-ZSM-5 and 
(Fe 20 3) -ZSM-5. 
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oligomerization at room temperature, while those generated by Ga can, implying that H-
[Ga]-ZSM-5 is capable of protonating propene at this temperature while H-[Fe]-ZSM-5 
is not. 12 Furthermore, the decomposition of 2-propanamine on H-[Al]-ZSM-5, which 
appears to have stronger sites than either H-[Ga]-ZSM-5 or H-[Fe]-ZSM-5, also occurs 
between 600 and 650K during TPD in our apparatus.̂  This suggests that, so long as 
the Br0nsted-acid site is capable of maintaining the ammonium ion up to the reaction 
temperature, the decomposition of 2-propanamine is independent of the acid strength. 

Also shown in Fig. 2 are the TGA results for (Ga2C>3)-ZSM-5. Only 2-

propanamine was observed in desorption at ~400K, and this desorbed in very small 
quantities. It is apparent that the Ga203, which is outside the ZSM-5 framework in this 

sample, is not capable of reacting 2-propanamine. Of equal interest is the fact that most 
of the 2-propanamine was removed by evacuation at room temperature on this sample, 
even though all samples were initially saturated with 2-propanamine and similar 
evacuation procedures were used in each case. The difference cannot be due to 
diffusion since the (Ga203>-ZSM-5 had the largest average particle size of the samples 

we studied. Nor can it be due to the presence of additional adsorbate molecules at the 
acid sites, beyond the one/site coverage, since other high silica samples which we 
studied did show a substantial peak at 400K in the desorption of 2-propanamine. One 
possibility is that the peak at 400K is due to 2-propanamine interacting with silanols 
which terminate the zeolite structure or are present as defects in the framework. It has 
been reported that some of these silanols can give ion-exchange capabilities 1 and that 
their concentration can be affected by pretreatment and, presumably, by synthesis 
conditions.13 The ZSM-5 sample used to make the (Ga203>-ZSM-5 in our study 

consisted of large, regular-shaped crystals and, therefore, likely had the lowest silanol 
concentration. 

If the desorption feature at 400K is indeed due to 2-propanamine interacting 
with silanols in the zeolite, it could have important consequences in the use of 
spectroscopic techniques for determining the number of acid sites in zeolitic materials. 
While these sites may be important for some reactions under certain conditions,^ they 
are unlikely to be important for more demanding reactions like hydrocarbon cracking. 
Since 2-propanamine is a relatively strong base, the species present at the silanols could 
be in the protonated, ammonium-ion form which would be spectroscopically difficult to 
distinguish from molecules present at the acid sites generated by framework Al, Fe, or 
Ga. It should be possible to distinguish between the two adsorption sites by heating the 
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sample; however, it is important to consider that the conditions necessary for removing 
the more weakly adsorbed species will be strongly affected by the experimental 
configuration.10,11 For example, we have found that NH3 can be easily removed 

from even the Al sites in H-[Al]-ZSM-5 at 500K using our apparatus,̂  while much 
higher temperatures are needed when a carrier gas is used to remove the desorbing 
ammonia. 15 

Fig. 3 shows the TPD-TGA results for H-[B]-ZSM-5 and for the high-silica 
ZSM-5 sample. There is no reaction to form propene and ammonia on either sample; 
however, there is a second, high-temperature feature on H-[B]-ZSM-5, in addition to 
the 400-K state found on both samples, corresponding to a coverage of one 
molecule/B. It appears that the Β sites are able to protonate 2-propanamine at room 
temperature, but that 2-propanamine desorbs below the temperature necessary for the 2-
propyl ammonium ion to decompose to propene and ammonia. From this, it is apparent 
that the sites formed by Β in the ZSM-5 lattice are much weaker than those formed by 
Fe or Ga. 

We also studied the adsorption of 2-propanol on H-[Fe]-ZSM-5, H-[Ga]-ZSM-
5, and H-[B]-ZSM-5, with the results having been discussed in detail elsewhere. On 
H-[B]-ZSM-5, we were unable to maintain 2-propanol on the sample during evacuation 
at room temperature, again indicating that the acid sites on this material are very weak. 
On H-[Fe]-ZSM-5 and H-[Ga]-ZSM-5, molecules in excess of one/Fe or Ga desorbed 
unreacted below 400K. The 2-propanol which remained had a coverage of one/Fe or 
Ga and reacted to form propene and water at ~430K on H-[Fe]-ZSM-5 and ~415K on 
H-[Ga]-ZSM-5. This difference in temperature of reaction appears to be a measure of 
the relative acid strengths of these materials. Acid-catalyzed dehydration of 2-propanol 
proceeds through an oxonium-ion intermediate, but^C NMR studies of 
(CH3)213CHOH on H-[Al]-ZSM-5 indicate that proton transfer to the alcohol is not 

complete in zeolites and the adsorbed species are not true oxonium ions.rei^ The 
difference in reaction temperatures may be due to the degrees of protonation at the 
different acid sites. 

S U M M A R Y 
We have shown that TPD-TGA studies of 2-propanamine and 2-propanol on H-[Fe]-
ZSM-5, H-[Ga]-ZSM-5, and H-[B]-ZSM-5 can provide a useful method for 
determining the framework concentrations of Fe, Ga, and B. For Ga and Fe containing 
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H-CGal ZSM-5 

300 400 500 600 700 

Figure 2. TPD-TGA results for 2-propanamine on H-[Ga]-ZSM-5. 
TGA results for (Ga203)-ZSM-5 are shown as a dashed line for comparison. 

H-IB)- Z S M-5 

300 400 500 600 700 
T(K) 

Figure 3. TPD-TGA results for 2-propanamine on H-[B]-ZSM-5. The 
dashed lines are results for the ZSM-5 sample with Si/Al2=880. 
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ZSM-5, acid-catalyzed decomposition of both 2-propanol and 2-propanamine was 
observed only when the Ga and Fe were present as part of the ZSM-5 framework. Due 
to the fact that the Β sites in H-[B]-ZSM-5 are much more weakly acidic, no reaction 
was observed for the probe molecules we studied; however, with 2-propanamine, a 
well-defined state corresponding to adsorption at the Β sites could still be observed. 
Finally, these studies give insight into the relative strengths of the sites generated by the 
incorporation of various trivalent ions into the ZSM-5 framework. 
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Chapter 9 

Controlled Pore Size, High Alumina Content 
Silica—Aluminas 

Larry L. Murrell1, N. C. Dispenziere, Jr., and K. S. Kim2 

Exxon Research and Engineering Company, Route 22 East, Clinton 
Township, Annandale, NJ 08801 

A new class of high alumina silica-aluminas has been 
prepared with high pore volume and with controllable 
pore size. For 20 wt % SiO2 content materials steam 
treatment at 760°C serves to substantially increase 
the gas oil cracking activity. Steam stability at 
870°C has also been demonstrated for these unique 
materials. These samples are prepared by recrystal-
lization of co-gels of aluminum and silicon alkoxy 
compounds using a two-step procedure. Amorphous 
alumina shows similar physical properties to those 
of the silica-alumina co-gels when re-crystallized 
in an analogous manner. 

Work at Chevron and Grace (1-2) shewed that high alumina content, 
silica-aluitiina s o l i d acids could be prepared with high paraffinic 
gas o i l cracking a c t i v i t i e s . These silica-alumina co-gels had an 
average pore diameter of 3 nm with a surface area of 100-130 m2/g 
(3). This i s lew surface area compared to high-silica s i l i c a -
alumina gels, i.e., greater than 400 m2/g, and i s due to the lew 
pore volume of ca. 0.2 cc/g i n the case of the materials de
scribed i n the Chevron and Grace patents (3). We have found that 
alumina or high-alumina-content silira-aluminas prepared from 
alkoxy precursor (s) can be prepared with pore volumes of 1.5-2 
cc/g using a two step procedure. This two step procedure r e l i e s 
on gelation of the alkoxy precursor (s) with an amount of water 
stoichiometric with the number of alkoxy functions. After the 
gelation has occurred, addition of water i n a second separate 

Current address: Engelhard Corporation, Menlo Park, CN 40, Edison, NJ 08818 
2Current address: Polaroid Corporation, 750 Main Street, Cambridge, MA 02139 

0097-6156/90/0437-0097$06.00/0 
© 1990 American Chemical Society 
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step leads to recrystallization of the amorphous gel to form a 
boehmite phase of considerable pore volume and, therefore, low 
density. In the case of hi^-alumina silica-alumina gels pre
pared by t h i s two-step procedure, acid i t i e s similar to those 
described i n the Chevron and Grace patents were obtained for 15-
20 % S i 0 2 content. The amount of water used i n the recrystal
l i z a t i o n step was found to have a major impact on the pore size 
and pore volume obtained i n the f i n a l product. This class of 
wide pore high-alumina, silica-aluminas has high temperature 
steam s t a b i l i t y combined with high cracking a c t i v i t y after severe 
steam treatment. In fact, steam treatment at 760°C substantially 
increases the ac t i v i t y compared to the 500°C calcined co-gel. 
High-silica silica-aluminas, i n comparison, are completely de
activated by steam treatment at 870°C. 

Experimental 

Aluminum isobutoxide (AIB) or mixtures with tetraethoxysilane 
(TEOS) were precipitated with a stoichiometric amount of water to 
hydrolyze a l l of the aluminum-oxygen and silicon-oxygen bonds. 
The dried gels were amorphous by x-ray powder diffraction. In 
a l l of the experiments the undried gels were then recrystal 1 ized 
in one of two ways. In one case water was added to the gel i n a 
manner similar to an incipient wetness impregnation to f i l l the 
pores of the amorphous alumina or silica-alumina gel. In the 
other case about 10 times this amount of water was added while 
the mixture was stirred. The gel was then dried for 16 hours at 
120°C. A l l preparations were decomposed i n a N 2 purged muffle 
furnace programmed to 500°C i n ca. 4 hrs. After N 2 decomposition 
a l l samples were calcined at 500°C for 16 hours. An example of 
the two step procedure employed i n t h i s work i s given for 20 wt % 
Si0 2-content Si0 2-Al 203. Thirty-two grams of H20 were added to a 
mixture of 162.74 g AIB (containing 32 g A1 2Û3) and 20.24 g TEOS 
(containing 8 g Si0 2) to gel the sample. To the warm co-gel an 
additional 20 g of H20 was added. The sample was dried at 120°C 
for 16 hours after a 2-hour period i n contact with water. This 
limited water addition was just sufficient to f i l l the pore voids 
of the co-gel. In the case of the two step procedure where 
excess water was employed, 16 g of H20 was added to a mixture of 
81.37 g AIB and 10.12 g TEOS to gel the sample. To the warm co-
gel 150 g H20 was added and the mixture was sti r r e d for 2 hours. 
The co-gel was f i l t e r e d and dried at 120°C for 16 hours. Quite 
different materials were obtained from this seemingly modest 
change i n recrystallization conditions. The acidity of the 
samples was estimated by gas o i l cracking a c t i v i t y as employed i n 
other recent studies (4-5). Gas o i l cracking a c t i v i t i e s were 
found to track well with model compound acid characterization 
studies i n recent work of McVicker, et. a l . (6) 

Results and Discussion 

We w i l l f i r s t consider the case of a s i l i c a - f r e e gel. Muminum 
isobutoxide i s precipitated by addition of a stoichiometric 
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9. MURRELLETAL. Controlled Pore Size, High Alumina Content 99 

amount of water. I f the gel was dried at 120°C and calcined at 
500°C for 16 hours an amorphous alumina phase i s formed of 600 
m2/g surface area and a pore volume of 1.4 cc/g. This amorphous 
gel had a broad distribution of pores below 6 nm diameter. I f 
this amorphous, 500°C calcined gel i s calcined at 800°C for 16 
hours the amorphous phase converts to alpha-Al2 n3 of surface area 
<5 m2/g. This i s very poor s t a b i l i t y compared to transitional 
aluminas (4). I f the amorphous gel phase i s not dried, but 
impregnated with additional water to f i l l the pore voids similar 
to an incipient wetness impregnation; then recrystallization to 
form a wide-pore boehmite-like phase occurs. This boehmite-like 
material, after drying at 120°C and calcination at 500°C for 16 
hours converts, at least part i a l l y , to a transitional gamma-
alumina with a surface area of 494 n^/g with a pore volume of 2.1 
cc/g. The average pore diameter of thi s material i s 17 nm. I f 
ten times the amount of water i s added to the undried amorphous 
gel then a boehmite-like material of much lower pore volume i s 
formed than for the previous example with water added only to the 
pores of the gel. After drying at 120°C and calcination at 500°C 
for 16 hours, the surface area of this alumina was 294 m2/g with 
a pore volume of 0.4 cc/g. The average pore diameter of thi s 
alumina was centered at 7 nm, quite dis t i n c t from that for the 
previous material. The amount of water added to an amorphous gel 
can clearly change markedly the properties of the boehmite-like 
alumina formed upon recrystallization. A recent publication (7) 
reports that i t i s possible to continuously s h i f t the pores of 
alumina to larger size by a swing i n pH of the slurry phase 
containing boehmite. In the case where water i s added to f i l l 
the pores of the amorphous alumina gel i n our work rec r y s t a l l i z a 
tion occurs to give relatively large primary particles of a 
boehmite, which i n turn forms the 17 nm pores within the calcined 
alumina structure. (7-8) 

We w i l l next consider the case of a lew s i l i c a content co-
gel. A 5% silica-content silira-aluniina was prepared by precipi
tation of aluminum isobutoxide and tetraethoxy-silane as de
scribed for the s i l i c a - f r e e gel. After gelation water was added 
just sufficient to f i l l the pore voids of the gel. The added 
water led to formation of a boehmite-rich phase during recrystal
l i z a t i o n . After drying at 120°C and calcination at 500°C for 16 
hours, a transitional alumina phase i s formed with a surface area 
of 410 m2/g and a pore volume of 1.9 cc/g. This silica-alumina 
had an average pore diameter of 18 nm, similar to the s i l i c a - f r e e 
material discussed previously. Steam treatment of thi s 18 nm 
pore diameter silica-alumina at 870°C (1600°F) i n 90% H20-10% N 2 

for 16 hours resulted i n a material with surface area of 196 
m2/g. This surface area i s much higher than expected for an 
amorphous gel and i s consistent with s i l i c a enrichment of the 
outer surface during the recrystallization step where water was 
added to the pores of the amorphous gel. S i l i c a stabilization of 
boehmite alumina by formation of a surface phase complex has been 
reported i n recent work (9). ESCA analysis also indicates s i l i c a 
surface enrichment when compared to the amorphous gel. 
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I f ten times the amount of water i s added to the undried 5% 
S1O2 content gel than required to f i l l the pore voids a much more 
dense silica-alumina phase i s formed than i n the previous exam
ple. After drying at 120°C and calcination at 500°C a material 
of 283 m2/g surface area and a pore volume of 0.9 cc/g i s formed. 
The average pore diameter of this material i s 8 nm. There i s an 
unmistakable parallel i n the recrystallization of the s i l i c a - f r e e 
gel to the 5% silica-content s i l i c a described here. Addition of 
limited water to the amorphous gel produces large pores and a 
high pore volume. Addition of water so that a slurry i s formed 
with the amorphous gel results i n smaller pores and a relatively 
dense phase upon recrystallization. 

Higher s i l i c a content systems were also considered. In the 
case of 15 wt % Si02-content S1O2-AI2O3 the "amorphous" co-gel 
was formed as discussed previously. After drying and calcination 
at 500°C a material of 523 m2/ÇJ was formed. The gas o i l cracking 
a c t i v i t y of t h i s amorphous gel was relatively low and was not 
changed significantly by steam treatment at 760°C or 870°C (see 
Table 1.). This i s surprising as the surface area decreased to 
about 140 m2/g for these steaming conditions. The high 
temperature steam s t a b i l i t y of the amorphous 15% Si02-content 
S1O2-AI2O3 gel i s consistent with an ea r l i e r patent reference, 
however (1). 

I f water was added to the 15% S1O2 co-gel to f i l l the pore 
voids a p a r t i a l l y recrystal 1 ized boehmite was formed with a 
surface area of 464 m2/g and with a pore volume of 1.8 cc/g. I f 
water was added to the 15% S1O2 co-gel to form a slurry and then 
dried and calcined at 500°C a p a r t i a l l y recrystallized boehmite 
was formed with a surface area of 334 m2/g. Steam treatment at 
760°C of this second, small pore, boehmite-1 ike silica-alumina 
resulted i n no chancre i n the surface area. The gas o i l cracking 
a c t i v i t y of the steamed sample was definitely higher than that 
for the amorphous co-gel, i.e., a Micro Activity Test (MAT) 
Activ i t y Number of 38 (see Table 1.). 

We then proceeded to prepare 20 wt. % Si02-content co-gels 
by the above discussed procedures. The relative surface area 
s t a b i l i t i e s of the amorphous and recrystallized boehmite-1 ike 
materials are given i n Table 2. Both of the recrystallized, 
bcehmite-like materials have about twice the surface area com
pared to that for of the amorphous gel after 1050°C calcination. 
The gas o i l cracking a c t i v i t i e s of boehmite-like 20% Si02-content 
S1O2-AI2O3 recrystallized with excess water before and after 
steam treatment are given i n Table 1. Mthough the cracking 
a c t i v i t y of the 500°C calcined 20 wt % S i 0 2 prepared by the 
slurry recrystallization procedure (small pores) sample i s simi
l a r to that for the 15 wt % Si02-content amorphous gel sample 
there i s a unique activation by the subsequent steam treatment 
for the recrystallized sample. Steam treatment at 760°C leads to 
a doubling of the cracking activity. Steam treatment at 870°C 
which causes a 50% decrease i n surface does not cause a severe 
loss i n the cracking activity. Steam treatment at 760°C of the 
20% Si0 2, large pore boehmite-like S1O2-AI2O3, prepared by the 
pore f i l l i n g recrystallization procedure, also leads to a 
material with high cracking activity. 
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Table 1. 

COMPARISON OF GAS OIL CRACKING ACTIVITIES OF AMORPHOUS AND 
CRYSTALLINE HIGH-ALUMINA SILICA-ALUMINAS AFTER STEAM TREATMENT 

Sample Surface Area MAT1 Volume % 400" 
Sample Treatment (m2/a) A c t i v i t y Liquids 

Amorphous 15% S i 0 2 500°C 523 24 4.5 
content S1O2-AI2O3 

Amorphous 15% S1O2 Steam2 149 31 11.1 
content S i 0 2 - A l 2 0 3 760°C 

Amorphous 15% S i 0 2 Steam2 28 9.9 
content S i 0 2 - A l 2 0 3 870°C 

Recrystallized 15% 
S i 0 2 content S i 0 2 - 500°C 334 
AI2O3 (small pore) 

Recrystallized 15% steam 2 334 38 15.6 
S i 0 2 content S i 0 2 - 760°C 
AI2O3 (small pore) 

Recrystallized 20% 
S i 0 2 Content S i 0 2 - 500°C 318 28 10.1 
AI2O3 (small pore) 

Recrystallized 20% steam 2 240 58 25.7 
S1O2 content S1O2- 760°C 
AI2O3 (small pore) 

Recrystallized 20% 
S i 0 2 content S1O2 
A1 20 3 (small pore) 3 

Recrystallized 20% 
S1O2 content S1O2-
AI2O3 (wide pore) 4 

Recrystallized 20% steam 2 169 45 18.9 
S i 0 2 content S1O2 870°C 

Recrystallized 20% steam 2 311 49 19.7 
S1O2 content S1O2- 760°C 

1Micro A c t i v i t y Test A c t i v i t y Numbers. (See references 4-5) 

2Steamed f o r 16 hours i n 90% H20-10% N 2. 
3Pore d i s t r i b u t i o n centered at 7 m diameter, excess water 
r e c r y s t a l l i z a t i o n conditions. 

4Pore d i s t r i b u t i o n centered at 1.6 nm diameter, water p o r e - f i l l i n g 
r e c r y s t a l l i z a t i o n conditions. 
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Table 2. RELATIVE STABILITY OF AMORPHOUS AND CRYSTALLINE 
HIGH-ALUMINA SILICA ALUMINAS 

Calcination Temp. 
(°C. 16 hours) 

Amorphous 20% Si02~Content 
S1O2-AI2O3 Gel 

Amorphous 20% Si0 2-Content 
S1O2-AI2O3 Gel 

Recrystallized 20% S1O2 Content 
S1O2-AI2O3 (small pore) 

Recrystallized 20% S1O2 Content 
S1O2-AI2O3 (small pore) 

Recrystallized 20% S i 0 2 Content 
S1O2-AI2O3 (large pore) 

Recrystallized 20% S1O2 Content 
S1O2-AI2O3 (large pore) 

500 

1050 

500 

1050 

500 

1050 

Surface Area 

405 

75 

318 

142 

477 

133 

In conclusion, a novel class of boehmite-lîke S1O2-AI2O3 has 
been discovered which show a unique combination of properties: 
1) surface area s t a b i l i t y characteristic of aluminas with a 
terminating outer surface of s i l i c a ; 2) variations i n pore 
diameter and pore volume depending on recrystallization condi
tions; 3) unusual steam activation leading to enhanced acidity as 
measured by gas o i l cracking activity; and 4) remarkable s t a b i l 
i t y of high cracking a c t i v i t i e s after severe steaming conditions 
compared to high s i l i c a content silica-aluminas. 
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Chapter 10 

Hydrothermal Stability and Catalytic Cracking 
Performance of Some Pillared Clays 

J. Sterte 

Department of Engineering Chemistry I, Chalmers University 
of Technology, Göteberg, S-412 96 Sweden 

Several types of pillared clays were prepared and 
characterized with the objective to make materials suitable as 
active components in catalysts for heavy oil cracking. 
Incorporation of Si into the oligomeric Al-cations acting as 
pillaring precursors resulted in materials with approximately 
the same basal spacings, somewhat lower surface areas but 
thermally more stable than samples prepared using no Si. TiO2 

-pillared montmorillonites were prepared by reacting the 
montmorillonite with partially hydrolyzed TiCl4-solutions. The 
TiO2-pillared products showed basal spacings of about 28 Å, 
surface areas of 200-350 m2/g and were stable up to 700°C. 
Alumina-montmorillonites were prepared by ion-exchange of 
the montmorillonite with fibrillar boehmite in colloidal 
suspension. This resulted in materials with improved stability 
but with larger and less uniform pores compared with 
conventional Al2O3-pillared montmorillonite. The pillared 
products were tested as cracking catalysts, after deactivation, 
using a micro activity test. Initial results of pillaring of 
regularly and randomly interstratified illite/montmorillonites 
are reported. 

Since smectites pillared with inorganic polycations were first introduced in the 
late seventies, much work has been undertaken in order to produce materials 
of this type suitable as active components in catalysts for cracking of heavy 
oil fractions. Pillared smectites are particularly interesting for this 
application as they can be prepared with pore openings larger than those in 
zeolite Y, which is the active component in most of todays commercial 
cracking catalysts. The larger pore openings would allow entrance and 
conversion of molecules too large to enter the zeolite structure. The use of 
most types of pillared smectites for this purpose is, however, limited by their 
lack of thermal and hydrothermal stability. At the thermal and hydrothermal 
conditions in the regenerator of a fluid catalytic cracker (FCC), pillared 
smectites rapidly lose most of their surface area and catalytic activity. 

The potential of pillared smectites as catalysts for catalytic cracking 

0097-6156/90/0437-0104$06.00/0 
© 1990 American Chemical Society 
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was first demonstrated by Vaughan et al. (1) by cracking a gas oil over a 
sample of aluminum oxide pillared montmorillonite. The sample was exposed 
to a temperature of 530°C for 3 hr. prior to the test and it showed a micro 
activity test (MAT) conversion of 77.3%. By hydrothermal treatment (reflux 
conditions) of the aluminum chlorohydrate solution and by copolymerisation 
with silica Vaughan et al. (2) succeeded in preparing a pillared smectite with 
a MAT activity, after steam treatment at 677°C for 8 hr., comparable to that 
of a commercial REY-catalyst treated in the same manner. 

Recently, Jie et al. (3) showed that a hydrothermally stable pillared 
clay can be prepared by using rectorite instead of smectites. Their product 
retained most of its original surface area and cracking activity after 
deactivation in 100% steam for 20 hr. Rectorite is one example of a regularly 
interstratified clay mineral which is an alteration of pyrophyllite-like and, 
water swelling, montmorillonite-like layers. As the pillaring only involves the 
water swelling layers, this results in a pillared material in which the distance 
between pores in the c-direction is twice that in a conventional pillared 
smectite, i.e. about 19 Λ. This, more rigid, structure of the pillared rectorite, 
is believed to explain the remarkable hydrothermal stability of this material. 

McCauley (4) found that hydrothermally stable pillared smectites can be 
prepared by using hydrothermally treated pillaring solutions containing 
mixtures of aluminum chlorohydrate and a cerium salt. Pillared smectites 
prepared from such solutions differ from conventional alumina-pillared 
smectites in that the basal spacing is considerably larger, i.e. about 26 Â 
compared with 18-19 Â for conventional ones. When tested as catalysts for 
heavy oil cracking, these large-pore pillared smectites showed a high cracking 
activity even after steam deactivation at 760°C for 5 hrs. When used in 
combination with zeolite USY, a synergistic effect was observed since the 
resulting activity was greater than what would be expected from the activities 
of the components. 

At the Department of Engineering Chemistry I, Chalmers University of 
Technology, most of our research on pillared smectites has been directed 
towards the preparation of materials with improved thermal and hydrothermal 
stability. Part of this work has been performed in cooperation with the 
Department of Fuels Engineering, University of Utah. In the present paper, 
some of our work on AI2O3-, Si02/Ai2C>3- and Ti-pillared smectites is 
discussed mainly from the point of hydrothermal stability and cracking 
performance. Some initial results of a study on pillaring of regularly and 
randomly interstratified illite/montmorillonite mixed layer clays are also 
included. 

Experimental 

Starting clays. A Wyoming montmorillonite (commercial designation, Volclay 
SPV 200) was used in the preparation of conventional Al2C>3-pillared 
montmorillonite, alumina-montmorillonite complexes and TiC>2-piilared 
montmorillonite. This clay is further described in reference (5) . In the 
studies on Si02/Al203-pillared smectites, another Wyoming montmorillonite 
(Accofloc, 350) was used together with a synthetic Li-fluorhectorite (6) . 
Samples of interstratified illite/montmorillonites (I/M) from Kinnekulle in 
southwest Sweden were obtained from the Geological Survey of Sweden. These 
clays have been extensively characterized by Bystrom (7) and 
Brusewitz (8) . All clay samples were fractionated using conventional 
sedimentation techniques and the <2 micron fractions were used in the 
preparation of pillared products. 
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Pillaring solutions. Conventional Al203-pillared montmorillonite and 
interstratified illite/montmorillonites were prepared using an aluminum 
chlorohydrate (ACH) solution having an Al-concentration of 0.25 M and an 
OH/Al-ratio of 2.5, prepared by dilution of a commercial ACH-solution 
(Locron L, Hoechst). The solution was aged for 20 hr. after dilution, prior to 
use for preparation of pillared products. 

Si02/Al2C>3-pillared smectites were prepared according to two 
alternative procedures: treatment of a mixture of orthosilicic acid and AICI3 
with aqueous NaOH, followed by aging of the solution (method A); and 
preparation and aging of hydroxy-Al oligocations followed by reaction of the 
latter with orthosilicic acid (method B). The preparation of these solutions is 
further described in reference (6) . 

The preparation of hydrothermally treated ACH-solutions used in the 
preparation of alumina montmorillonite complexes (AMC) is described in 
references (9,10) . The ACH-solution (C^l = 0.176 M, AI2O3/CI = 0.93) was 
hydrothermally treated in an autoclave for 24 hr. at temperatures in the range 
120-160°C. After deionization and reacidification (to pH 3.9) the colloidal 
suspensions formed were used at a concentration corresponding to 6.0 g AI2O3 
per 1, for the preparation of AMCs. 

The partially hydrolyzed TiCl^-solution used for preparation of T1O2-
pillared montmorillonite was prepared by first adding T1CI4 to an amount of 
6.0 M HC1 corresponding to a final HCl-concentration of 1.0 M. This mixture 
was then diluted by slow addition of distilled water to obtain a final Ti-
concentration of 0.84 M. The resulting solution was aged at room temperature 
for 3 hr prior to use. 

Preparation of pillared products. The conventional pillared montmorillonite 
and the pillared interstratified I/M were prepared by addition of a volume of 
the ACH-solution calculated to give an Al/clay ratio of 5 mmoles per g to a 
dispersion (1 g/1) of the clay. 

Si02/Al203-pillared smectites were prepared using a continuous mixing 
procedure and a clay dispersion having a concentration of 2.45 g/1 (see further 
ref. (6) ). 

AMCs were prepared by adding calculated volumes of the hydrothermally 
treated solutions to a montmorillonite dispersion (0.5 g/1) to obtain 
Al203/montmorillonite ratios of 0.3, 0.6 and 1.2 g/g for the sample prepared 
from the untreated solution (AMC) and from those treated at 120°C (AMC-
120) and 140°C (AMC-140), respectively. The AMCs were also used as 
matrices in catalysts containing 20 wt% REY (sample designations: ZAMC, 
ZAMC-120 and ZAMC-140) (_Π) . TiC>2-pillared montmorillonite was prepared 
by adding a calculated volume of the pillaring solution to a clay dispersion (4 
g/1) to obtain a Ti/montmorillonite ratio of 20 mmoles per g. 

Characterization of products. N2-adsorption-desorption isotherms were 
recorded at liquid nitrogen temperature after outgassing at 200-250°C for 2hr. 
Surface areas were calculated using the BET-equation and pore volumes were 
estimated to be the liquid volume adsorbed at a relative pressure of 0.995. 
Pore-size distributions were calculated from the desorption branches of the 
isotherms using parallel plates as a geometrical model. X-ray diffraction 
analyses were performed on samples oriented in order to amplify the 001-
reflexions. 

Catalytic cracking. A modified micro activity test (MAT) was used for 
testing cracking performance. The feed oils used in this study were a 
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hydroprocessed mixture of Arabian light and North Sea heavy vacuum gas oil 
(HVGO) and a heavy fraction of Wilmington crude (no.6). Characteristics of 
these oils are given in reference (12) . Testing was carried out using reactor 
temperatures of 500 and 560°C for the lighter (HVGO) and heavier (no.6) feed, 
respectively. 

Results and Discussion 

Aluminum oxide pillared smectites. The effect of steam deactivation (18 hr, 
100% steam) of conventional Al2C>3-pillared montmorillonite on surface area 
and cracking performance is shown in Table I. 

Table I. MAT-Cracking results and surface areas of pillared smectites 

catalyst 
designation <°C) 

SA 
(m2/g) 

conv 
(wt%) 

gasoline 
(wt%) 

gas 
(wt%) 

coke 
(wt%) 

LCO 
(wt%) 

Al-PiM 550 175 81.3 43.5 22.2 15.6 12.5 
Al-PiM 650 111 62.7 39.4 15.0 8.4 17.9 
Al-PiM 750 42 25.3 14.3 5.3 5.7 10.9 
Si/Al-PiM 750 63 16.6 10.5 3.2 2.9 6.6 
Ti-PiM 750 108 53.1 25.5 16.8 10.8 16.7 

aTemperature of steam deactivation. All samples were steam deactivated in 
100% steam for 18 hr. 

After steaming at 550°C, the MAT conversion is very high and most of the 
surface area of the fresh catalyst is retained. Steaming at 650°C reduces the 
surface area as well as the MAT conversion significantly while deactivation at 
750°C results in a collapse of the microstructure and, consequently, a low 
MAT activity. These results demonstrate the potential of pillared smectites as 
catalysts for catalytic cracking but also point at the major problem with these 
materials, namely their lack of thermal and hydrothermal stability. 
Furthermore, they point at the other major problem associated with the use of 
pillared smectites as cracking catalysts, namely their great selectivity for 
making coke. 

Vaughan et al. (2) found that, due to further polymerization of the 
pillaring cations, hydrothermal treatment of the aluminum chlorohydrate 
solution (reflux conditions) used in the preparation of the pillared smectites 
resulted in a material with improved hydrothermal stability. Tokarz and 
Shabtai (13) conducted a similar study using base hydrolyzed AlCl3-solutions. 
They found that refluxing of the solutions for 6-48 hr. was sufficient to 
produce pillared smectites with improved thermal stability and higher porosity 
as compared with those prepared from solutions aged at room temperature for 
two weeks. 

At our laboratory we have studied aluminum-oxide montmorillonite 
complexes prepared from ACH-solutions hydrothermally treated at 
temperatures up to 160°C (9) . Hydrothermal treatment of ACH at 
temperatures above about 120°C yields positively charged, fibrillar boehmite 
in colloidal suspension (14) . The size of the boehmite fibrils increases with 
increasing temperature and time of hydrothermal treatment. Ion-exchange of 
montmorillonite with these positively charged fibrils resulted in AMCs with 
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surface areas of 150-400 m2/g and pore volumes in the range 0.20-0.45 cm3/g. 
The surface areas decreased with increasing temperature of hydrothermal 
treatment of the ACH-solutions while the pore volumes increased with an 
increase in this temperature. Pore size distributions calculated from the 
desorption branches of N2 -adsorption-desorption isotherms as well as X-ray 
powder diffraction analyses indicated an increase in pore size and a broadening 
of the pore size distribution with increasing temperature of hydrothermal 
treatment of the ACH-solutions (10) . The surface area retention of the 
AMCs after thermal and hydrothermal treatment increased with increasing 
temperature of hydrothermal treatment of the ACH-solution used in the 
preparation. Hydrothermal treatment of the AMCs at 750°C for 18 hr. 
resulted in increased average layer distances (pore sizes) primarily due to 
collapse of micropores. Three types of AMCs were evaluated as cracking 
catalysts, alone and as matrices for rare earth exchanged zeolite Y (REY), 
using the MAT and three different feed oils (jj.) . Prior to the test, all 
catalysts were steam deactivated at 750°C for 18 hr. MAT results are given in 
Table II together with surface areas of the catalysts before and after steam 
deactivation. 

Table II. Catalytic Cracking over Alumina-Montmorillonite Complexes alone 
and as Matrices for REY 

catalyst 
designation 

SA 
(m2/g) 

feed 
oil 

conv. 
(wt%) 

gasoline 
(wt%) 

coke 
(wt%) 

gas 
(wt%) 

LCO 
(wt%) 

ACH-K-REY 115 no.6 52.9 23.3 13.2 16.5 12.4 
AMC 61 no.6 33.4 17.9 6.5 9.0 15.0 
AMC-120 113 no.6 54.5 24.7 15.0 14.8 18.2 
AMC-140 143 no.6 61.3 26.3 19.2 15.8 18.6 
ZAMC 176 no.6 62.3 26.6 15.3 20.4 9.9 
ZAMC-120 139 no.6 63.1 27.9 15.6 19.6 11.1 
ZAMC-140 214 no.6 72.1 30.4 19.6 22.1 12.7 
ACH-K-REY 92 HVGO 73.3 47.1 8.6 17.6 14.5 
ZAMC 176 HVGO 78.2 46.5 9.9 21.8 10.7 
ZAMC-120 139 HVGO 79.7 46.8 10.4 22.5 11.3 
ZAMC-140 214 HVGO 83.7 49.5 12.6 21.6 10.4 

For cracking of the heavy oil (no.6), the AMCs showed conversions similar to 
that of a reference catalyst containing 20 % REY in a kaolin-binder matrix. 
The AMCs showed higher coke and lower gas selectivity compared with the 
reference catalyst while the gasoline yields were similar on the two types of 
catalysts. The selectivity for light cycle oil (LCO) was considerably greater 
for the AMCs. When used as matrices for REY, the AMCs resulted in 
considerably more active catalysts at the same zeolite content compared with 
the reference catalyst while the selectivity pattern differed little between the 
two types. 

Silicon oxide / Aluminum oxide pillared smectites. Si02/Al203-pillared 
smectites were prepared using two different methods (6) . The surface areas 
of the pillared products decreased with increasing Si/Al-ratio in the pillaring 
solution while the basal spacings were essentially independent of this ratio. 
The surface area of the Si02/Al203-pillared Li-fluorhectorites remained 
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almost constant after heat treatment at temperatures up to 600°C. At higher 
temperatures the areas decreased indicating a collapse of the pillared 
structure. The Si02/Al203-pillared montmorillonites showed a more gradual 
decrease in surface area with increasing temperature of heat treatment. An 
interesting effect of the silica incorporation was a remarkable increase in the 
amount of acid sites as measured by ammonia adsorption. 

A sample of SiC>2/Al203-pillared montmorillonite was tested as catalyst 
for catalytic cracking after steam treatment at 750°C for 18 hr. The MAT 
activity and the surface area, both given in Table I, indicate an almost 
complete collapse of the material upon steaming. 

Titanium-oxide pillared smectites. Another interesting type of pillared clays 
studied at our laboratory are the large spacing Ti02-pillared smectites (5) . 
These materials were prepared by cation exchange of the smectite with 
polymeric Ti-cations, formed by partial hydrolysis of TiCl^ in HC1. On further 
hydrolysis and heating, T1O2 pillars in the form of anatase were formed 
between the smectite layers. The resulting Ti02-pillared smectites possessed 
surface areas in the range 200-350 m /̂g and pore volumes of about 0.2 cm^/g. 
The basal spacing of products heated at temperatures above 200°C was about 
28 Λ, as determined by X-ray powder diffraction and by N2 -desorption pore-
size analysis. The uptake of T1O2 by the montmorillonite, the surface area, 
and the pore volume increased with increasing amount of Ti added in the 
preparation up to about 10 mmoles of Ti per g of montmorillonite. A further 
increase in the amount of Ti added resulted in a decrease in surface area while 
the pore volume and the uptake of T1O2 remained almost constant. Fig.l shows 
the surface areas of a sample prepared using 20 mmoles of Ti per g of 
montmorillonite thermally treated in air or hydrothermally treated in steam. 
The material was stable after being heat treated to 700°C, at which 
temperature the surface area started to decrease. The steam treated sample 
showed a more gradual decrease in surface area with increasing temperature. 

A sample of Ti02-pillared montmorillonite was evaluated as cracking 
catalyst using the MAT, after steam treatment at 750°C for 18 hr. The results 
of this test are shown in Table I. Compared with a conventional Al203-pillared 
smectite, the activity of the Ti02-pillared montmorillonite is high which is 
reasonable as the Ti02-pillared sample retains a larger fraction of its original 
surface area. The T1O2 -pillared smectite does, however, show a greater 
selectivity for coke than the other types of pillared smectites investigated at 
this laboratory. 

Pillared interstratified illite/montmorillonites. Pillared interstratified 
illite/montmorillonites were prepared using four different K-bentonite samples 
from the Kinnekulle region, southwest Sweden. Some chemical and 
physicochemical properties of these clays and a Wyoming montmorillonite used 
as reference clay are given in Table III. While sample A2 is regularly 
interstratified with a maximum I/M ordering, the three B-samples are all 
randomly interstratified. Fig. 2 shows X-ray diffraction patterns of air dried, 
oriented samples of the different clays together with the corresponding 
diffractograms for the Al203-pillared products. For all clays the pillaring 
results in a considerable increase in the basal spacing. The fact that the shift 
of the 001-peak is more pronounced for the reference montmorillonite is 
believed to be associated with the fact that this clay predominantly contains 
sodium as charge compensating cation while the major exchangeable cation in 
the interstratified clays is Ca^ + . Surface areas and pore volumes of the 
different pillared clays are given in Table IV. The surface areas of the pillared 
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300 

0 I I I I I I 
100 300 500 700 

Temperature of heat treatment, (*C ) 

F i g u r e 1. Dependence o f s u r f a c e a r e a upon t e m p e r a t u r e o f h e a t 
t r e a t m e n t (open c i r c l e s ) and o f s t e a m t r e a t m e n t ( s o l i d c i r c l e s ) . 

—I 1 1— I I L _ ' I t _ 1 1 1— 1 1 L 
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DEGREES, 2Θ 

F i g u r e 2. X - r a y powder d i f f r a c t i o n p a t t e r n s o f a i r d r i e d , 
o r i e n t e d s a m p l e s o f p i l l a r e d i n t e r s t r a t i f i e d i l l i t e / m o n t m o r i l l o -
n i t e s and o f t h e c o r r e s p o n d i n g s t a r t i n g c l a y s . 
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Table III. Properties of Interstratified Illite/Montmorillonites and of 
Reference Montmorillonite 

clay 
sample 

%smectite 
in I/M 

CEC 
(meq/100g) 

SA 
(m2/g) 

p v 
(cm3/g) 

A2 3 2 a 46° 80.9 0.133 
B33 41C 78c 68.5 0.118 
B36 46c 78C 75.4 0.110 
B39 54̂  9ic 85.6 0.130 
VC 100 89 51.2 0.072 

aEstimated using the method of Scrodon (16) . 
bFrom Bystrom (6) . 
cFrom Brusewitz (7) . 

Table IV. Properties of Pillared Interstratified Illite/Montmorillonites and of 
Pillared Reference Montmorillonite 

sample SA 
(m2/g) (cm3/g) 400°C 

Surface area (m /̂g) 

thermally treated3 

600°C 700°C 800°C 
steamed*5 

750°C 
Pi-A2 207 0.183 181 168 165 62 32 
PÎ-B33 229 0.172 199 175 173 75 27 
Pi-B36 254 0.184 201 200 189 77 28 
Pi-B39 243 0.188 201 169 158 80 36 
Pi-VC 362 0.248 267 174 172 91 44 

aSamples exposed to given temperatures in air for 3 hr. 
^Samples exposed to 100% steam for 18 hr. 

products increase with increasing fraction of smectite layers in the starting 
clay with the exception of Pi-B39. The relatively low surface area of Pi-B39 is 
probably explained by the high ion-exchange capacity of this clay resulting in 
uptake of more Al inbetween the clay layers thus leaving less of the interlayer 
space available for nitrogen adsorption. Table IV further shows the surface 
areas of samples thermally treated in air for 3 hr. at temperatures up to 
800°C and of samples treated in 100% steam at 750°C for 18 hr. As seen, the 
pillared interstratified clays are relatively stable up to about 700°C while 
treatment at 800°C in air or at 750°C in steam results in an almost complete 
loss of surface area in micropores. X-ray powder diffraction analysis of 
thermally and hydrothermally treated samples also indicates an almost 
complete breakdown of the pillared structure. 

The clay minerals used in this study differ from the rectorite used by Jie et 
al. (3) in that the negative charge of the clay layers is due, primarily, to 
isomorphous substitutions in the octahedral layers while the corresponding 
charge in the rectorite is caused by substitutions in the tetrahedral layers. 
Plee et al. (15) showed that, upon calcining, there is a reaction between the 
pillars and the clay surface in tetrahedrally substituted smectites (e.g. 
beidellite). This reaction did not occur in smectites without tetrahedral 
substitution. The pillared I/M do not show the remarkable hydrothermal 
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stability reported for the pillared rectorite. According to the authors, the 
enhanced stability of the pillared rectorite is explained by the fact that, in 
this material, the pillared expanded layers are separated by two 2:1 layers 
compared to one in pillared smectites. Our investigation indicates that an 
increase in thickness between the expanded layers does not necessarily result 
in improved hydrothermal stability. On the contrary, little difference was 
found between the stability of the pillared interstratified clays and the 
pillared montmorillonite used in our study. It is, however, possible that the 
stability of the pillared rectorite is explained by a combination of the increase 
in thickness between the expandable layers and the beidellitic nature of the 
clay. 

Conclusions 

Several attempts were made to prepare pillared smectites with sufficient 
hydrothermal stability for use as active components in catalysts for catalytic 
cracking of heavy oil fractions. Although improvements were made, none of 
the attempts resulted in pillared materials stable enough to withstand the 
hydrothermal conditions found in the regenerator of a commercial FCC. One 
type of materials studied, i.e. alumina-montmorillonites, may be attractive 
alternatives to the active matrices, often alumina, currently used in FCC-
catalysts designed for cracking of heavy oils. The alumina-montmorillonites 
can, perhaps, not be considered to be bona fide pillared smectites as they have 
considerably larger pores and a wider pore-size distribution than what is 
characteristic for pillared smectites. 

At this point, the most promising types of pillared clays for use as 
cracking catalysts are the pillared rectorite developed by Jie et al. (3) and the 
large pore Ce/Al-pillared smectites developed by McCauley (4). Further 
studies will have to be performed in order to determine the feasibility of these 
to types of materials for this application. 
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Chapter 11 

Photodegradation of Dichloromethane 
with Titanium Catalysts 

James F. Tanguay1, Robert W. Coughlin2, and Steven L. Suib1,2 

1Department of Chemistry and 2Department of Chemical Engineering, 
University of Connecticut, Storrs, CT 06268 

Titanium dioxide and titanium incorporated into alumino
-silicate photocatalysts have been studied for the photode
-gradation of dichloromethane into carbon dioxide and HCl. 
Different forms of titanium dioxide have been produced 
such as rutile and anatase as well as an amorphous form. 
Titanium pillared clays have been found to be more active 
than titanium clays. Carbon felt was also used as a sup
port for titanium species and this material is the most ac
tive we have studied. By enriching solutions of 
dichloromethane with oxygen or by pre-irradiating the ti
tanium catalyst, faster rates of reaction and larger conver
sions are obtained. 

Titania (Ti02) occurs in nature in three crystal modifications as anatase, 
rutile and brookite. Rutile is the most common form which has octahe
dral coordination of titanium ions. Anatase and brookite contain dis
torted octahedra. Anatase is thermodynamically 8 to 12 kJ/mol more 
stable than rutile (1). Brookite on the other hand is thermodynamically 
unstable. 

Titania is of great interest as a catalyst or photocatalyst. Matsudo 
and Kato have reviewed the catalytic (thermal) chemistry of Ti02 (2) . 
For photochemical activity, titania has been used to hydrogenate alk-
ynes and alkenes (3), to oxidize H202 (4), to oxidize ethylene (5), to oxi
dize 2-propanol (6), for amine production (Z) and in water splitting 
reactions (8). 

Another reaction of great concern is the photodechlorination of 
chlorinated hydrocarbons. Titania has been used as a photocatalyst in 
the heterogeneous catalytic decomposition of chloroform and dichloro
methane to form carbon dioxide and HCI by Ollis and co-workers (9) 
These titania catalysts are particularly useful at low levels (parts per 
million) of chlorinated hydrocarbon. Titania catalysts require near 

0097-6156/90/0437-0114$06.00/0 
© 1990 American Chemical Society 
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ultraviolet light to degrade such hydrocarbons. One of the common 
problems of such systems, however, is the suspension of titania and 
reactant which is not easily separated. 

This paper deals with a comparison of the activity of various titania 
catalysts in the photodegradation of dichloromethane. In addition, we 
will report on the possibility of supporting titania on a carbon felt to 
ease the separation of catalyst and reactant/product. Finally, the im
portance of oxygen and pre-irradiation of the catalyst will be reported. 

EXPERIMENTAL 

Clays and pillared clay materials were prepared by adding Til4 or TiCI4 

to aqueous solutions and ion exchanging with the clay or incorporating 
titanium ions into the aluminochlorohydrate pillar precursor prior to 
pillaring. Titanium oxide was deposited onto carbon felt by acidifying 
titanium isopropoxide and forming a sol into which the carbon felt was 
dipped. Pure titania of the amorphous, anatase, and rutile phases were 
prepared by treating titania sols at 70°C, 375°C , and 850°C, respec
tively. 

Solutions of 1 mL dichloromethane and 100 mL distilled deionized 
water were irradiated in the presence and absence of titania catalysts 
with a 1000 watt Xe lamp. About 1 g catalyst was used in these studies. 
A Corning pH meter was used to monitor pH of the reaction. A 300 nm 
cutoff filter was used to filter out low wavelength ultraviolet light. The 
conversion of dichloromethane was monitored with gas chromatogra
phy methods. 

RESULTS 

Results of photocatalytic experiments are given in Table I. The percent 
conversion was calculated from the observed amount of CI in solution 
after photolysis. 

Table I. Conversion of Dichloromethane 

Catalyst % Conversion 
Amorphous 
Anatase 
Rutile 
Anatase on Felt 
Amorphous Titania on Felt 
Pre-irradiated Rutile 
Titania Pillared Clay 
Pre-irradiated Pillared Clay 
Rutile, Oxygen Bubbling 
Rutile, Nitrogen Bubbling 

15 
37 
59 
29 
6 

77 
9 

10 
83 
41 
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116 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

The pre-irradiation lasted for two hours in all cases and all measure
ments were taken after four hours of photolysis. Oxygen bubbling was 
done by attaching an oxygen tank, regulator and flow meter to the pho
tolysis apparatus. A plot of the chloride production of pre-irradiated ti
tania pillared clays is given in Figure 1 for samples with no 
pre-irradiation and for those irradiated for one and two hours. 

Data for a fresh anatase catalyst and a used anatase catalyst are 
given in Figure 2. The amount of chloride produced from dichloro
methane as a function of time for both materials is given there. At long 
periods of time, the used material shows less chloride ion production 
than the fresh catalyst. 

DISCUSSION 

The data of Figure 1 clearly show that irradiation of the titania pillared 
clay systems leads to an enhancement in the moles of CI produced 
during photodegradation of dichloromethane. Prolonged pre-irradiation 
leads to lower conversion than shorter periods of pre-irradiation. This 
is a general result and was found for all supported systems studied 
here. 

The significance of pre-irradiation is that defect sites must be cre
ated at the titania surface during irradiation that serve as adsorption 
sites for the dichloromethane. These may be sites for dissociation of 
CI since we have found (10) that poisoning of various substrates by 
NaCI causes a general decrease in overall conversion. Prolonged irra
diation may cause degradation of these activated sites. 

Data for several titania systems are given in Table I for the photo-
degradation of dichloromethane. First of all, data for unsupported tita
nia should be compared. These data suggest that the rutile form of 
titania is more active than the anatase form which in turn is more active 
than the amorphous titania. In general this is also true for the sup
ported analogs. Reasons why an ordered high temperature form is 
more active than a low temperature or amorphous form may be due to 
the propensity of the former to form defect adsorption sites (See below). 

For the amorphous and anatase forms supported on carbon felt, the 
percent conversion is markedly higher for the anatase form than the 
amorphous form. It was not possible to produce the rutile form on the 
carbon felt due to degradation of the felt during thermal activation at the 
high temperature ( > 600°C) needed to produce rutile. 

Data for pre-irradiated rutile and titania pillared clay clearly show 
that pre-irradiation causes the % conversion to increase with respect to 
non-irradiated materials as discussed earlier. 

Data in Table I for oxygen bubbling of rutile versus nitrogen bub
bling show that oxygen can enhance the overall % conversion of di
chloromethane into HCI and C02. These data may indicate that the rutile 
surface provides oxygen for the oxidation of the carbon part of the 
chlorinated hydrocarbon and that lattice oxygen is then replaced with 
gas phase oxygen that absorbs at the surface. 

Data of Figure 2 clearly show that the used anatase catalyst pro
duces less CI than the fresh catalyst. Poisoning studies with titania 
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11. TANGUAY ET AJL. Photodegradation ofDichloromethane 117 

TIME (mm) 

Figure 1. Chloride production of Pre-irradiated Titania Pillared 
Clays, 750 Watts Power, Wavelengths of 300 nm to 800 nm. (a) 1 
Hr Pre-irradiation, (b) 2 Hr Pre-irradiation, (c) No Pre-irradiation. 

-1.75 

::1.50 

Figure 2. Chloride production from Used Anatase: (A) Fresh 
catalyst, (B) Catalyst in 2A, washed with distilled deionized H20. 
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catalysts treated with NaCI suggest that CI ions adhere to the surface 
of titania and react with sites that are active in the photodechlorination 
process. In our systems it appears that CI ions are produced during the 
photodegradation and then poison active sites. 

Ollis and co-workers have suggested that dichloromethane absorbs 
as an ion by reacting with a hole on the titania surface (9). Other studies 
have shown, however, that both CI" and H + inhibit the degradation of 
simple hydrocarbons (H). These inhibitors could influence the 
Bronsted acidity of the titania surface. This could lead to a different 
mode of binding of dichloromethane and other hydrocarbons to the 
surface such as by abstraction of H + from the hydrocarbon as well as 
binding of a hydrocarbon anion to the surface of titania (i.e. as CHCI2 ). 

In this case, H + could be bound to lattice oxygen and the anionic 
hydrocarbon fragment could be bound to Ti 4 + in the lattice. This mech
anism is supported by the data of Ollis and co-workers (9). Our pre-ir
radiation data can be explained by the fact that light consists of an 
electron-hole pair that can form on the titania surface during irradiation. 
Pre-irradiation of the surface of titania leads to a build-up of such defect 
sites that are not initially destroyed before reaction with dichlorometh
ane since there is no chloride ion around. 

CONCLUSION 

We have shown here that different crystalline forms of titania as well as 
different supports for the titania influence the overall reactivity of Ti02 in 
the photodechlorination of dichloromethane. The importance of pre-ir
radiation to produce defect centers on the surface has also been ob
served. Oxygen plays a role in these photodegradations since 
saturation of the solution with oxygen enhances the rate of photode
gradation. Chloride ions poison Ti02 during irradiation. Further studies 
should focus on removing CI ions from the surface. 
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Chapter 12 

New Tubular Silicate-Layered Silicate 
Nanocomposite Catalyst 

Microporosity and Acidity 

Todd A. Werpy, Laurent J. Michot, and Thomas J. Pinnavaia 

Department of Chemistry, Center for Fundamental Materials Research, 
Michigan State University, East Lansing, MI 48824 

The microporosity of a new tubular s i l icate 
-layered si l icate nanocomposite formed by the 
intercalation of imogolite in Na+
-montmorillonite has been characterized by 
nitrogen and m-xylene adsorption. The 
nitrogen adsorption data yielded a l iquid 
micropore volume of ~0.20 cm3g-1, as 
determined by both the t-plot and the Dubinin
-Radusikevich methods. The t-plot provided 
evidence for a bimodal pore structure which we 
attributed to intratube and intertube 
adsorption environments. The m-xylene 
adsorption data indicated a much smaller 
l iquid pore volume (~0.11 cm3g-1), most l ikely 
due to incomplete f i l l i n g of intratubular 
pores by the planar adsorbate. The FTIR 
spectrum of pyridine adsorbed on the TSLS 
complex established the presence of both 
Bronsted and Lewis acid sites. The TSLS 
complex was shown to be active for the acid
-catalyzed dealkylation of cumene at 350°C, but 
the complex was less reactive than a 
conventional alumina pi l lared montmorillonite. 

Imogolite i s a naturally occurring aluminosilicate mineral 
with a unique tunnel-like or tubular structure 1. The 
external and internal van der Waals diameters of the tubes 
are approximately 25Â and 10Â res p e c t i v e l y 1 ' 2 . The tube 
dimensions are larger for the synthetic form than for the 
naturally occurring derivative owing to a difference i n the 
number of repeat units defining the tube walls. The 
molecular sieving properties of imogolite already have been 
demonstrated 3" 5. The adsorption of small molecules occurs 
readily on the internal surfaces, but larger species with 
k i n e t i c diameters > 10Â, such as perflurotributylamine, are 

0097-6156/90/0437-0119S06.00/0 
© 1990 American Chemical Society 
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120 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

excluded 5. The potential for shape-selective catal y s i s by 
imogolite also has been recognized, but the thermal 
i n s t a b i l i t y of the tubular structure i s a l i m i t i n g 
f a c t o r 2 ' 5 " 7 . 

We have been investigating the use of imogolite as a 
p i l l a r i n g agent for smectite clays with layer l a t t i c e 
structures 8"^. The regular intercalation of the tubes 
within the layered host results i n the formation of a 
tubular s i l i c a t e - l a y e r e d s i l i c a t e (TSLS) complex. These new 
nanocomposite materials may be viewed as p i l l a r e d clays i n 
which the p i l l a r s themselves are microporous. 
S i g n i f i c a n t l y , the TSLS structure i s thermally stable up to 
450°C when montmorillonite i s selected as the layered host 9. 

A schematic representation of a TSLS complex i s 
provided i n Figure 1. On the basis of preliminary XRD and 
stochiometric studies, i t appears that the imogolite tubes 
are i n van der Waals contact, most l i k e l y i n a log-jam-like 
array i n the layer s i l i c a t e g a l l e r i e s . Although the tubes 
st u f f the g a l l e r i e s , two unique adsorption environments are 
available, namely, the intra-and inter-tube pores designated 
A and Β i n Figure 1. 

In the present work we examine the microporosity of a 
TSLS complex formed from synthetic imogolite and natural 
montmorillonite. Nitrogen adsorption and desorption 
isotherms are reported and analyzed i n terms of microporous 
volume and surface area. Also, the adsorption isotherm for 
an organic adsorbate, m-xylene, i s reported. Preliminary 
FTIR results for the chemisorption of pyridine and c a t a l y t i c 
studies of the dealkylation of cumene suggest that TSLS 
complexes are promising microporous acids for shape 
selective chemical conversions. 

Experimental Section; 

An imogolite p i l l a r i n g solution was prepared by the acid 
hydrolysis of 30mM tetr a e t h y l o r t h o s i l i c a t e and 60mM aluminum 
sec-butoxide for 2 days at 98° C according to the method of 
Farmer 1 0. The reaction solution was dialyzed 4 days against 
d i s t i l l e d water to remove ionic and molecular by-products 
p r i o r to being used as a p i l l a r i n g reagent for 
montmorillonite. Intercalation of imogolite into sodium 
montmorillonite was achieved by reacting -1.0 wt% aqueous 
suspensions of the two reagents according to previously 
described methods 8' 9. 

Nitrogen adsorption/desorption isotherms were 
determined at -196°C oh a Quantachrome Autosorb Sorptometer. 
Ultrahigh purity nitrogen was used as the adsorbate and 
ultrahigh purity helium was the c a r r i e r gas. The adsorption 
isotherm for m-xylene was obtained on a McBain balance 
equipped with quartz glass springs and buckets. The samples 
were outgassed at 325° C under vacuum for about four hours 
p r i o r to adsorption. 

The FTIR spectrum for chemisorbed pyridine was obtained 
on an IBM IR44 spectrometer. The TSLS sample was prepared 
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12. WERPYETAL. New Tubular Silicate Nanocomposite Catalyst 121 

by e v a p o r a t i n g an aqueous suspension of the complex onto a 
s i l i c o n wafer at room temperature and subsequently 
o u t g a s s i n g the f i l m at 350°C p r i o r t o p y r i d i n e a d s o r p t i o n at 
25°C. P h y s i c a l l y adsorbed p y r i d i n e was removed by pumping 
under vacuum at room temperature. 

C a t a l y t i c d e a l k y l a t i o n of cumene was c a r r i e d out i n a 
f i x e d bed r e a c t o r operated a t 350°C and atmospheric 
p r e s s u r e . The con t a c t time was 1.5 sec and the WHSV was 
0.4g cumene/g/hr. The co n v e r s i o n of cumene was determined 
u s i n g a Hewlett Packard 5890 gas Chromatograph equipped w i t h 
a Supelco wide bore c a p i l l a r y column. 

R e s u l t s and D i s c u s s i o n 

Isotherms f o r the a d s o r p t i o n and d e s o r p t i o n of n i t r o g e n 
( k i n e t i c diameter, 3 .6Â) were o b t a i n e d f o r the i m o g o l i t e -
m o n t m o r i l l o n i t e TSLS complex at -196°C (see F i g u r e 2) . The 
shape of the a d s o r p t i o n isotherm below a p a r t i a l p r e s s u r e of 
0.5 was s i m i l a r t o the c l a s s i c a l type I isotherm f o r a 
microporous (<20Â) adsorbent a c c o r d i n g t o the c l a s s i f i c a t i o n 
of Braunauer e t a l . 1 1 Above P/P Q of -0.50, t a i l i n g of the 
a d s o r p t i o n isotherm was observed due t o mesoporosity i n the 
range 2 0 - 5 0 0 Â . The presence of some mesopores was confirmed 
by the h y s t e r e s i s loop observed upon d e s o r p t i o n . 

The n i t r o g e n a d s o r p t i o n data over the p a r t i a l p r e s s u r e 
range 0 < P/P Q < 0.15 were f i t t e d t o the BET e q u a t i o n : 1 2 

P/P„ = _1_ + (C-l) (P/P^) 
V(1-F7P 0 ) V mC V mC 

An e q u i v a l e n t s u r f a c e area of 4 60 m^g"1 was determined from 
the monolayer volume, V m. The value o b t a i n e d f o r the 
dime n s i o n l e s s e n e r g e t i c constant, C=260, was c h a r a c t e r i s t i c 
o f a microporous m a t e r i a l . Although the BET s u r f a c e area 
may not be a p h y s i c a l l y p r e c i s e q u a n t i t y due t o the f a c t 
t h a t the n i t r o g e n molecule does not e x h i b i t the same c r o s s -
s e c t i o n a l area i n a microporous environment as on a f l a t 
s u r f a c e , 1 3 the BET value i s u s e f u l f o r comparisons of 
r e l a t i v e p o r o s i t i e s among a r e l a t e d c l a s s o f adsorbents. 
For i n s t a n c e , s m e c t i t e c l a y s p i l l a r e d by metal oxide 
aggregates t v p i c a l l y e x h i b i t BET s u r f a c e areas i n the range 
150 - 400 mr/g. Thus, the TSLS complex i s among the more 
porous i n t e r c a l a t e d nanocomposites d e r i v e d from s m e c t i t e 
c l a y s . 

The t o t a l pore volume (V Q) of the TSLS complex was 
asse s s e d by a p p l y i n g the Dubin i n - R a d u s i k e v i c h e q u a t i o n 1 4 t o 
the n i t r o g e n a d s o r p t i o n data: 

Log V = Log V 0 + D [ l o g ( P / P o ) ] 2 

As shown by the dashed l i n e i n F i g u r e 3, t h i s e q u a t i o n 
p r o v i d e d a good f i t of the data over the low and 
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122 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

F i g u r e 1. Schematic i l l u s t r a t i o n of the TSLS complex 
formed from i m o g o l i t e and Na +- m o n t m o r i l l o n i t e . 
The l a r g e r f i l l e d c i r c l e s r e p r e s e n t h y d r o x y l 
groups, the open c i r c l e s are oxygens and the 
sm a l l f i l l e d c i r c l e s are the p o s i t i o n s of metal 
i o n s such as s i l i c o n and aluminum. A and Β 
denote two p o s s i b l e types of micropores. 

20 

0.0 0.2 0.4 0.6 0.8 1.0 
P/Po 

F i g u r e 2. Isotherms f o r the a d s o r p t i o n and d e s o r p t i o n of 
n i t r o g e n on the TSLS complex at -196°C. 
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i n t e r m e d i a t e p r e s s u r e ranges. The i n t e r c e p t of the best 
s t r a i g h t l i n e f i t gave a l i q u i d pore volume V Q = 0.20 
cm 3g 1 . 

A t - p l o t 1 5 of the N 2 a d s o r p t i o n data, shown F i g u r e 4, 
e x h i b i t e d t h r e e d i s t i n c t r e g i o n s . In the f i r s t r e g i o n , the 
data were f i t t e d t o a s t r a i g h t l i n e p a s s i n g through the 
o r i g i n . The slope of t h i s l i n e y i e l d e d an e q u i v a l e n t 
s u r f a c e area of 480 m^g"1, comparable t o the va l u e of 460 
m 2g 1 o b t a i n e d from the BET treatment of the data. Another 
domain of data p o i n t s were f i t t e d t o a second s t r a i g h t l i n e 
w i t h an i n t e r c e p t (67 cm*̂  STP g" 1)^ co r r e s p o n d i n g t o a 
microporous l i q u i d volume of 0.10 cm^g" 1. A t h i r d domain of 
p o i n t s y i e l d e d an o v e r a l l l i q u i d volume o f 0.16 cm 3g 
Th i s bimodal microporous behavior i s c o n s i s t e n t with the two 
types of micropores expected f o r an i n t e r c a l a t e d TSLS 
complex. As i l l u s t r a t e d i n F i g u r e 1, t h e r e are two types of 
environments a v a i l a b l e f o r n i t r o g e n a d s o r p t i o n , namely, the 
type A i n t r a t u b u l a r pores and the type Β i n t e r t u b u l a r p ores. 
We t e n t a t i v e l y suggest t h a t the e x p e r i m e n t a l l y observed 
bimodal microporous b e h a v i o r a r i s e s from these two types of 
environments. 

The n i t r o g e n d e s o r p t i o n isotherm was t r e a t e d a c c o r d i n g 
to the model developed by Delon and D e l l y e s f o r p a r a l l e l 
p l a t e pores i n p h y l l o s i l i c a t e s . 1 6 The mesopore l i q u i d 
volume o b t a i n e d u s i n g t h i s treatment was r e l a t i v e l y s m a l l , 
0.03 cm^g" 1. Thus, the pore volumes d e r i v e d from t - p l o t 
a n a l y s i s (0.16 citing"""1) and the n i t r o g e n d e s o r p t i o n branch 
(0.03 cn^g" 1) sum t o a val u e (0.19 cm^g""1) i n good agreement 
with the pore volume ob t a i n e d from the Dub i n i n - R a d u s i k e v i c h 
e q u a t i o n (0.20 c i r r g " 1 ) . 

i n order t o examine tne a d s o r p t i o n or an o r g a n i c 
adsorbate by the TSLS complex, the a d s o r p t i o n isotherm f o r 
m-xlene ( k i n e t i c diameter, 5.6Â) was ob t a i n e d at 25°C. As 
shown i n F i g u r e 5, the shape of the isotherm was again type 
I, as expected f o r a microporous adsorbent. The D u b i n i n -
R a d u s i k e v i c h equation p r o v i d e d a reasonable f i t of the data 
over the low and medium p a r t i a l p r e s s u r e ranges (see F i g u r e 
6) . The microporous l i q u i d volume o b t a i n e d by t h i s 
treatment was 0.11 cm^g - 1. T h i s value was s i g n i f i c a n t l y 
lower than the microporous volume o b t a i n e d by n i t r o g e n 
a d s o r p t i o n (0.20 cm^g""1-) . Thus, G u r v i t s c h ' s r u l e ' 1 7 which 
s t a t e s t h a t the microporous volume should be independent of 
adsorbate s i z e , does not h o l d f o r the TSLS adsorbent. T h i s 
r e s u l t suggested t o us t h a t the p l a n a r m-xylene molecule, 
f o r which k i n e t i c diameter i s -2/3 the i n t e r n a l 10Â pore 
diameter of the i n t e r c a l a t e d i m o g o l i t e , was g e o m e t r i c a l l y 
i n c a p a b l e of f i l l i n g completely the a v a i l a b l e pore volume. 
An analogous g e o m e t r i c a l e f f e c t was b e l i e v e d t o be important 
i n d e t e r m i n i n g the adsorbate-dependent f i l l i n g o f p r i s t i n e 
i m o g o l i t e t u b e s 5 . Thus, we conclude t h a t a s u b s t a n t i a l 
p o r t i o n of the microporous volume of the TSLS complex a r i s e s 
due t o a d s o r p t i o n on the i n t e r n a l s u r f a c e s of the 
i n t e r c a l a t e d i m o g o l i t e tubes. 
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F i g u r e 3. 

[log (P/Po)] 

N i t r o g e n a d s o r p t i o n data p l o t t e d a c c o r d i n g t o 
the D u b i n i n - R a d u s i k e v i c h e q u a t i o n . 
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F i g u r e 4 . t - P l o t f o r N 2 a d s o r p t i o n on the TSLS complex. 
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F i g u r e 5. A d s o r p t i o n of m-xylene by the TSLS complex at 
25°C. 
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F i g u r e 6. m-Xylene a d s o r p t i o n data p l o t t e d a c c o r d i n g t o 
the Dubinin-Radusikevich e q u a t i o n . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
01

2

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



126 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

In an e f f o r t t o i d e n t i f y the nature of a c i d s i t e s i n 
the TSLS complex and the p o t e n t i a l f o r a c i d c a t a l y s i s , we 
i n v e s t i g a t e d the chemisorption of p y r i d i n e by FTIR 
sp e c t r o s c o p y . T h i s adsorbate i s known t o e x h i b i t aromatic 
r i n g s t r e t c h i n g f r e q u e n c i e s c h a r a c t e r i s t i c o f p y r i d i n i u m i o n 
(Bronsted a c i d i t y ) and of c o o r d i n a t e d p y r i d i n e molecules 
(Lewis a c i d i t y ) 1 8 ' 1 ^ . The FTIR spectrum shown i n F i g u r e 7 
was o b t a i n e d a f t e r o u t g a s s i n g the TSLS complex at 350°C, 
a d s o r b i n g p y r i d i n e at 25°C and P/P° = 1.0, and subsequently 
o u t g a s s i n g t o remove much of the p h y s i c a l l y adsorbed 
p y r i d i n e . Both Bronsted and Lewis a c i d s i t e s were c l e a r l y 
e v i d e n t i n the FTIR spectrum. An i n t e n s e r i n g s t r e t c h i n g 
mode c h a r a c t e r i s t i c of p y r i d i n e c o o r d i n a t e d t o Lewis a c i d 
s i t e s was found at 1450 cm""1, whereas a weaker band due t o 
the N-H deformation of p y r i d i n i u m i o n was observed at 1540 
cm" 1. A l s o , a r i n g s t r e t c h i n g band of i n t e r m e d i a t e 
i n t e n s i t y due t o both Bronsted and Lewis a c i d s i t e s was 
found at 1490 cm""1. 

The a c i d i c f u n c t i o n a l i t y of the TSLS complex was 
demonstrated i n the c a t a l y t i c d e a l k y l a t i o n o f cumene. For 
t h i s model r e a c t i o n at 350°C the c o n v e r s i o n of cumene t o 
benzene was monitored as a f u n c t i o n of time on stream (see 
F i g u r e 8) . Included i n the study f o r comparison purposes 

1.0 L 

Lu 
Ο 0.8-J 
< 
QD 
m 
ο 
CO 
CO 
< 

0.6H 

0.7H 

0.5 
1700 1600 1500 1400 1300 

WAVENUMBERS 

F i g u r e 7. FTIR spectrum (1700 - 1300 cm""1) f o r p y r i d i n e 
adsorbed on the TSLS complex. 
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100 

Time on Stream (min) 

F i g u r e 8. C a t a l y t i c d e a l k y l a t i o n of cumene at 350°C over 
the i m o g o l i t e - m o n t m o r i l l o n i t e TSLS complex and 
alumina p i l l a r e d m o n t m o r i l l o n i t e (APM). 

was a t y p i c a l alumina p i l l a r e d m o n t m o r i l l o n i t e (APM) 
prepare d by the r e a c t i o n of aluminum c h l o r h y d r a t e and the 
Na + exchange form of the c l a y . 2 0 For both c a t a l y s t s the 
co n v e r s i o n decreased w i t h i n c r e a s i n g time on stream, most 
l i k e l y due t o the formation of coke and r e s t r i c t e d accesses 
t o the a c i d s i t e s . 

S i g n i f i c a n t l y , the TSLS complex i s l e s s a c t i v e than 
APM. I n i t i a l c o n v e r s i o n s were approximately 55% and 88% f o r 
the TSLS and APM, r e s p e c t i v e l y . T h i s d i f f e r e n c e i n 
r e a c t i v i t y was not e s p e c i a l l y s u r p r i s i n g , because the charge 
on the m o n t m o r i l l o n i t e component of the TSLS complex i s 
balan c e d by weakly a c i d i c Na + i o n s , whereas i n APM the 
cha r g e - b a l a n c i n g c a t i o n s are more h i g h l y a c i d i c aluminum 
c a t i o n s and/or hydrogen i o n s . Thus, the a c i d i t y observed 
both by p y r i d i n e a d s o r p t i o n and by cumene c r a c k i n g most 
l i k e l y r e s u l t e d from the i n t r i n s i c a c i d i t y o f the i m o g o l i t e 
component of the TSLS complex. Future c a t a l y t i c s t u d i e s 
w i l l focus on the e f f e c t of the exchange c a t i o n on TSLS 
c a t a l y t i c a c t i v i t y . 
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Chapter 13 

Cobalt Clays and Double-Layered Hydroxides 
as Fischer—Tropsch Catalysts 

L. Bruce, J. Takos, and T. W. Turney 

Division of Materials Science and Technology, Commonwealth Scientific 
and Industrial Research Organisation, Locked Bag 33, Clayton, 

Victoria, Australia, 3168 

Cobalt-containing clays and double layered hydroxides 
have been synthesized and examined as Fischer Tropsch 
catalysts. Hydrothermal treatment of cobalt-aluminum 
hydroxysillcate gels affords 2:1 phyllosilicate clays 
with structures intermediate between smectites and 
chlorites. The clays become more chloritic on 
increasing Al content. Calcination results in 
decomposition of the hydroxide interlayer region and 
formation of small Co(Co,Al)2O4 crystallites 
decorating the edges of the clay platelets. Hydrogen 
reduction converts these crystallites to ca. 
100Å metallic Co particles. Catalysts containing 
metallic Co were also prepared from Co/Al 
hydroxycarbonates with a hydrotalcite structure. 
Comparison of the Fischer Tropsch activity of these 
catalysts showed the hydrotalcite-derived system to 
have longer lifetime and lower water gas shift 
activity. 

This work represents part of a program designed to i d e n t i f y 
Fischer-Tropsch (FT) c a t a l y s t s f o r the processing of H 2 - r i c h 
synthesis gas derived from n a t u r a l gas. Current advanced gas 
processes are generally a combination of p a r t i a l o xidation and 
steam reforming, r e s u l t i n g i n H2:C0 r a t i o s of about 1.5-2.3. 
Cobalt- rather than iron-based FT c a t a l y s t s have been examined, i n 
order to minimize the competing water-gas s h i f t r e a c t i o n , which 
would r e s u l t i n a lowered carbon e f f i c i e n c y . Most cobalt FT 
c a t a l y s t s have been prepared by c o p r e c i p i t a t i o n of Co s a l t s with 
various promoters onto a s l u r r i e d oxide support to a f f o r d mixed 
phase systems (1). Reduction to the a c t i v e c a t a l y s t was c o n t r o l l e d 
by a d d i t i o n of various promoters (e.g. MgO, Th0 2, A1 20 3) (2). In 
part , these promoters are necessary to maintain good metal 
d i s p e r s i o n i n the ca t a l y s t and resi s t a n c e to s i n t e r i n g . Dispersion 

0097-6156/90Λ)437-0129$06.00Α) 
© 1990 American Chemical Society 
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i n multicomponent systems should be more e f f e c t i v e l y c o n t r o l l e d 
through formation of s t r u c t u r a l l y well-defined precursor chemical 
compounds. Low dimensional, lamellar s o l i d s , such as clays or 
h y d r o t a l c i t e s , are e s p e c i a l l y a t t r a c t i v e for t h i s purpose, o f f e r i n g 
both r e a d i l y varied composition and the p o t e n t i a l f o r high 
component d i s p e r s i o n and surface areas. 

Experimental Section 

D e t a i l s of c h a r a c t e r i z a t i o n by x-ray and e l e c t r o n d i f f r a c t i o n , 
transmission e l e c t r o n microscopy and XPS are given elsewhere (3)· 
Temperature programmed reduction (TPR) studies using a 3%H2/N2 gas 
mixture, were performed on 40 mg c a t a l y s t samples i n a tubular f u r 
nace (heating rate 10°C/min), using TCD and FID d e t e c t i o n . P r i o r 
to TPR, the sample was heated i n a i r at a s p e c i f i e d temperature f o r 
3h. 

Hydrothermal syntheses were performed i n an autoclave (Parr, 2 
L ) , using portions of a s l u r r y derived from adding a hot (85-90°C) 
s o l u t i o n of ΰ ο(Ν0 3) 2·6Η 20 (0.5M, 1L) to a r a p i d l y s t i r r e d s o l u t i o n 
of hot NaOH (4M, 0.5L), i n t o which A1(N0 3) 3.9H 20 and fumed s i l i c a 
had p r e v i o u s l y been d i s s o l v e d . The atomic r a t i o s of A l and S i 
employed, at constant r a t i o Co/Al+Si = 1.5, are shown i n Table I. 

Table I. Dependence of Cobalt Clay Phases 
on Aluminum Content 

Al/Al+Si Major Phases 

0.0 Smectite 
0.1 Fibres + smectite + c h r y s o t i l e 
0.2 Smectite 
0.3 C h l o r i t e + smectite 
0.4 C h l o r i t e 
0.5 C h l o r i t e 
0.6 C h l o r i t e + CoO 
0.8 C h l o r i t e + CoO + Co(Co,Al) 204 
1.0 CoO + Co(Co,Al) 20^ 

The autoclave was pressurized with hydrogen (400 kPa) and 
heated to 250°C f o r 16 h before cooling and venting. The clay was 
c o l l e c t e d by c e n t r i f u g a t i o n and washed repeatedly with water to 
remove i o n i c i m p u r i t i e s . 

Cobalt h y d r o t a l c i t e s were obtained by c o - p r e c i p i t a t i o n and 
ageing of s l u r r i e s i n d i c a t e d i n Table I I , using a technique s i m i l a r 
to that of Reichle (4), v i z , r e a c t i o n of Na0H/Na 2C0 3 (3/1 r a t i o ) 
s o l u t i o n (3.5 M i n 0H~) with a mixed Co/Al n i t r a t e s o l u t i o n (1.5 M 
i n Co ), such that the number of equivalents of base added 
equalled the number of equivalents of Co+Al ions i n s o l u t i o n . For 
ageing the s l u r r y at 200°C, an autoclave was used. The degree of 
c r y s t a l l i n i t y was estimated from the width of d(Q03) P e a k i n X R D * 
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Table I I . Production of Cobait/Aluminum 
Hydroxide Catalyst Precursors 

Metal Ratio Temp. Time Phases present X t a l l i n i t y 
Co/Al (°C) (h) £ d(003)> A ] 

1.7 100 60 H y d r o t a l c i t e [7.54] Medium 
3.0 100 60 H y d r o t a l c i t e [7.65] High 
7.0 100 60 H y d r o t a l c i t e [7.4] Poor 

+ Co(0H) 2 

3.0 65 72 H y d r o t a l c i t e [7.70] High 
3.0 200 18 H y d r o t a l c i t e [7.62] V.high 

Fische r Tropsch performance was examined at atmospheric 
pressure, i n a down-flow microreactor with associated on-line gas 
phase a n a l y s i s , which was automated and linke d to computerized data 
reduction (5). Samples were prepared f o r t e s t i n g by i n i t i a l drying 
overnight at 90°C, followed by c a l c i n a t i o n at 620°C f o r 2 h and 
s i z i n g (60-80#)· The reactor temperature was ramped i n flowing H 2 

at 6° m i n - 1 to 400°C, and held for at l e a s t 3 h, before lowering 
the temperature to 180°C and commencing flow of ̂ /CO (1.5/1). Gas 
phase analyses were made at 0.5 h i n t e r v a l s , and the rea c t i o n 
temperature r a i s e d i n steps to 220°C An overnight run at about 10% 
conversion l e v e l enabled c o l l e c t i o n of condensate f o r a n a l y s i s by 
l i q u i d i n j e c t i o n . 

Results and Discussion 

Cobalt Clay Syntheses. P r e c i p i t a t i o n of cobalt s a l t s by a l k a l i 
metal s i l i c a t e / h y d r o x i d e mixtures produces cobalt h y d r o x y s i l i c a t e 
g e l s , which a f f o r d a wide range of 1:1 and 1:2 cobalt clays on 
hydrothermal treatment. It has been shown previously that the type 
of clay obtained varies with the a l k a l i metal and i n i t i a l Co/Si 
r a t i o ( 3 ) . A d d i t i o n of aluminium s a l t s to these h y d r o x y s i l i c a t e 
gels enabled the synthesis of new clay phases (as w e l l as a fi b r o u s 
phase) as in d i c a t e d i n Table I. The new mixed Al/Co-containing 
clays were pink to l i l a c i n colour and were produced as the major 
phase (>95 wt%) i n the range of atomic r a t i o s , Al/Si+Al - 0.2-0.5 
at a cobalt content of Co/Si+Al = 1.5. 

C h l o r i t i c Structure of Co/Al Clays. Each of the clay preparations 
exhibited an XRD basal spacing i n the region, 14.7-15.3 Â, as w e l l 
as higher order (001) and (hkO) r e f l e c t i o n s t y p i c a l of a w e l l -
ordered 2:1 p h y l l o s i l i c a t e (Figure l a ) . The swelling properties of 
these clays varied over the Al/Al+Si composition range. In the 
absence of A l , a bright blue clay, with s w e l l i n g and thermal 
prop e r t i e s t y p i c a l of a smectite, was obtained (3). In the range, 
Al/Al+Si = 0.1-0.3, heating of the c l a y phase r e s u l t e d i n laye r 
c o n t r a c t i o n i n stages [d(001) = 12Â at 300°C and 9.7Â at 600°C]. 
This i s t y p i c a l behaviour of a swe l l i n g smectite c l a y , such as 
montmorillonite. However, with the A l - c o n t a i n i n g c l a y s , treatment 
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I I I I I I I I 1 I 1 III I 1 I I I I I I I I M I II ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι Μ ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι η 

a. 

' 1 1 I I I I I I I ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι I 
2 2-Theta (degrees) 7 2 
Figure 1. X-ray powder d i f f r a c t i o n pattern of a Co/Al c h l o r i t e 
phase,Al/Al+Si • 0.4. a) Calcined at 600°C, 3 h, showing s p i n e l 
phase, Co(Co,Al) 204 (*), b) A i r - d r i e d sample. 
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with ethylene g l y c o l or g l y c e r o l d id not r e s u l t i n increased 
basal spacings, as would also be expected f o r a smectite. At 
Al/Al+Si • 0.33-0.8, layer contraction on mild heating was les s 
( f o r Al/Al+Si - 0.4, d ( 0 Q 1 x = 14.lA at 450°C). 

These A l - c o n t a i n i n g c l a y phases are believed to consist of 
p o s i t i v e l y charged, mixed Co/Al hydroxide sheets w i t h i n 
the i n t e r l a y e r region of a t r i o c t a h e d r a l Co/Al c l a y . As Al/Al+Si 
increases, the i n t e r l a y e r Co/Al hydroxide sheet becomes 
pr o g r e s s i v e l y more complete, r e s u l t i n g i n the clay s t r u c t u r e and 
properties grading from those expected f o r a smectite to those of a 
t y p i c a l c h l o r i t e . A transmission e l e c t r o n micrograph of a t y p i c a l 
c h l o r i t i c phase i s shown i n Figure 2a. 

C a l c i n a t i o n and Reduction of Clay Phases. The i n t e r l a y e r region i n 
c h l o r i t e s and r e l a t e d hydroxy i n t e r l a y e r e d clays i s reported to 
dehydrate between 250°C and 650°C, depending upon the i n t e r l a y e r 
c a t i o n . This causes collapse of the i n t e r l a y e r region, but 
apparently without d e s t r u c t i o n of the 1:2 l a y e r system (6-7). In 
accord with t h i s model, the basal spacing of the present Co/Al 
clays decreased to ca 9.7Â, on heating i n a i r to 600°C. This 
l a t t i c e c o ntraction was accompanied by formation of c r y s t a l l i n e 
C o 3 ° 4 (Figure l b ) . E l e c t r o n micrographs (Figure 2b) revealed 
that the l i b e r a t e d COOOA p a r t i c l e s decorated the edges of the clay 
p l a t e l e t s , whose morphology had otherwise remained unchanged. The 
formation of C 0 3 O 4 m i c r o c r y s t a l l i t e s was confirmed by sele c t e d area 
e l e c t r o n d i f f r a c t i o n (SAD). As expected, heating caused the clay 
samples to turn black, due to oxi d a t i o n of Co(II) to Co ( I I I ) . 

Temperature programmed reduction of ca l c i n e d clay samples 
revealed that t h e i r r e d u c i b i l i t y was s e n s i t i v e both to the thermal 
pretreatment conditions as well as to Al/Al+Si r a t i o (Figure 3). 
Table I I I summarizes the degree of reduction to Co, as measured 
from the H2 uptake to 450°C. On samples p r e v i o u s l y c a l c i n e d to 
600°C, reduction to form m e t a l l i c Co was confirmed by both XPS and 
SAD. 

Table I I I . Dependence of Ca t a l y s t R e d u c i b i l i t y on Aluminum 
Content and C a l c i n a t i o n Temperature In Cobalt Clays 

Al/Al+Si C a l c i n a t i o n Temperature 
r a t i o 110°C 620°C 

0.0 <0.1 a <0.1 a 

0.1 1.5 4.0 
0.2 1.0 6.5 
0.3 1.6 10.5 
0.4 1.7 5.6 
0.5 2.4 5.7 
0.6 4.7 -

a. Number of moles of hydrogen reacted per Kg of c a t a l y s t during 
the temperature programmed reduction up to 450°C. 
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134 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Figure 2. Transmission e l e c t r o n micrograph of a Co/Al c h l o r i t e 
phase, Al/Al+Si » 0.4. a) A i r - d r i e d sample, b) Calcined at 
600°C, 3h,showing small p a r t i c l e s of s p i n e l phase decorating 
edges of hexagonal clay p l a t e l e t s . 
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E l e c t r o n micrographs showed the formation of m e t a l l i c cobalt 
p a r t i c l e s (ca 100Â), supported on the remnants of the clay a f t e r 
c a l c i n a t i o n and reduction (Figure 4). In part, the degree of 
c h l o r i t i z a t i o n determined the extent of formation of free C 0 3 O 4 
from the clay and, correspondingly, the amount of Co metal present 
i n the samples was found to reach a maximum at Al/Al+Si of 0.2-
0.3. Furthermore, only a f r a c t i o n of the Co present i n these clays 
was reduced and a v a i l a b l e f o r c a t a l y t i c r e a c t i o n . The remaining Co 
was contained within the 2:1 l a y e r clay framework and remained 
unreduced u n t i l >700°C, a temperature t y p i c a l of that needed to 
i n i t i a t e t o t a l framework c o l l a p s e . 

Layered Cobalt Hydroxides. The above r e s u l t s demonstrate the 
importance of the i n t e r l a y e r Co rather than the framework cobalt, 
i n forming the required m e t a l l i c Co c a t a l y s t . A stru c t u r e with 
optimal c a t a l y t i c a c t i v i t y would consist of one where there were 
only Co/Al hydroxide sheets, a stru c t u r e c l o s e l y approximated to by 
the h y d r o t a l c i t e s e r i e s of double layered hydroxides. 

Synthesis of Co/Al Hydroxycarbonates. Reaction of a mixture of 
cobalt and aluminum s a l t s with NaOH/Na^O^ afforded a poorly 
c r y s t a l l i n e p r e c i p i t a t e , which on aging at elevated temperatures 
y i e l d e d Co/Al hydroxycarbonates, with a lamellar s t r u c t u r e , 
isomorphous with the mineral h y d r o t a l c i t e (HT) -
[ M g 6 A l 2 ( 0 H ) 1 6 ] [ C O 3 . X H 2 O ] . TEM c l e a r l y showed the presence of the 
layered s t r u c t u r e , with a measured basal spacing of about 7Â 
(Figure 5). XRD in d i c a t e d the presence of minor and le s s 
c r y s t a l l i n e h y d r o t a l c i t e phases i n the cases of Co/Al = 3, aged at 
60°C, with d(003) = 7.34Â and aged at 200°C with 8.42Â. Such 
mul t i p l e phases imaged i n e l e c t r o n micrographs as regions wit. 
d i f f e r e n t degrees of s t r u c t u r a l order. 

C a l c i n a t i o n and Reduction of Co/Al Hydroxycarbonates. As found with 
the Co/Al c l a y s , temperature programmed reduction studies revealed 
that p r e - c a l c i n a t i o n i n a i r was necessary to produce a m e t a l l i c 
c obalt-containing c a t a l y s t at reasonable reduction temperatures. 
TGA and XRD studies showed that dehydration occurred between 200-
300°C, without loss of the basal spacing. Further heating was 
accompanied by p a r t i a l o x i d a t i o n and decarboxylation, the l a t t e r 
being complete by about 600°C. This heating y i e l d e d a mixed oxide 
with a s p i n e l s t r u c t u r e (XRD). The expected stoichiometry of the 
c a l c i n a t i o n r e a c t i o n f o r the Co/Al - 3 system should r e s u l t i n a 
s o l i d s o l u t i o n of C 0 3 O 4 and CoA^O^ s p i n e l phases ( r a t i o 3:5). 

3 [ C o 6 A l 2 ( 0 H ) 1 6 ] C 0 3 + 5/2 0 2 

8ΰο Ι ] :(ΰο Ι Ι ] [,Α1)2θ 4 + 24 H 20 + 3C0 2 

Hydrogen uptake up to 450°C, measured by TPR, of a c a t a l y s t 
p r e v i o u s l y calcined at 600°C, y i e l d e d 3.3 moles H 2/Kg of Co/Al 
hydroxide (Co/Al = 3, 60°C aging). This value i s somewhat less than 
the H 2 uptake f o r the optimal c h l o r i t e preparations, and was 
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Hydrogen Uptake 

Temperature (deg.C) 
Figure 3. Hydrogen uptake p r o f i l e s from the temperature 
programmed reduction of a Co/Al c h l o r i t e phase, Al/Al+Si - 0.4. 
Samples pr e v i o u s l y heated i n a i r to a) 110°C and b) 620°C. 

Figure 4. Transmission e l e c t r o n micrograph of a used F.T. 
c a t a l y s t , derived from a Co/Al c h l o r i t e phase, Al/Al+Si s 0.4, 
showing small p a r t i c l e s of m e t a l l i c Co on clay p l a t e l e t s . 
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r e f l e c t e d i n a poorer F.T. a c t i v i t y (vide i n f r a ) . In the case of 
the s p i n e l reduction, more Co appeared to be s t a b i l i z e d by a 
C o A l 2 0 ^ - l i k e phase, which reduced at temperatures w e l l above 500°C. 

Fischer-Tropsch A c t i v i t y 

Both c h l o r i t e s and h y d r o t a l c i t e s performed as Fi s c h e r Tropsch 
c a t a l y s t s , with an Anderson-Schulz-Flory value of about 0.8, as 
expected from the presence of m e t a l l i c c o b a l t . Both y i e l d e d 
condensates c o n s i s t i n g mainly of n-alkanes, peaking at C I Q . J J and 
extending to C 2 o , as shown i n Figure 6. Within the s t a b i l i t y f i e l d 
f o r the synthesis of c h l o r i t e s , c a t a l y s t a c t i v i t y was independent 
of Al/Al+Si; the a c t i v i t y and s e l e c t i v i t y of an average 
preparation, with Al/Al+Si - 0.2, i s i l l u s t r a t e d i n Table IV. 

Table IV. S e l e c t i v i t y of Cobalt C h l o r i t e and H y d r o t a l c i t e 

C a t a l y s t Rate/μ mole/s/g Hydrocarbon S e l e c t i v i t y / w t % %ene 

to HCs to C0 2 

c l c 2 C 3 C4 C 5 C6+ C2-5 

C h l o r i t e 3 0.65 
H y d r o t a l c i t e 5 0.20 

0.02 
0.2E-3 

21 3 11 12 13 40 
23 5 14 16 16 26 

57 
78 

a) GHSV - 1260 h~}; 
b) GHSV - 700 h" 1; 

Ρ = 
Ρ = 

113 kPa; 
113 kPa; 

Τ 
Τ 

- 210°C; conversion 22%. 
« 220°C; conversion 6%. 

The a c t i v a t i o n energy of the reacti o n was 106 kjoules/mole. The 
product was moderately hydrogenated and predominantly s t r a i g h t 
chain, such that 82% of the C 2_5 alkenes was 1-alkene. This 
c a t a l y s t deactivated at 1% per h. The h y d r o t a l c i t e preparations 
were generally of lower a c t i v i t y than the c h l o r i t e s , as i l l u s t r a t e d 
i n Table IV by the r e s u l t s from a preparation aged at 60°C. 
Remarkably, however, over a period of 24 h no f a l l i n a c t i v i t y 
could be detected. For t h i s c a t a l y s t , isomerization of the primary 
product was evident, i n that while 78% of C 2_5 was alkene, only 43% 
was 1-alkene, thus demonstrating s u b s t a n t i a l Broensted a c i d i t y from 
the h y d r o t a l c i t e residue support. 

Two f a c t o r s , namely the very low C0 2 production (Table IV) and 
i t s long-term s t a b i l i t y , have led us to pursue further a c t i v a t i o n 
of the h y d r o t a l c i t e preparations, using anion exchange to introduce 
promoters i n t o i t s i n t e r l a y e r region; t h i s has been b r i e f l y 
reported elsewhere (8), and w i l l form the basis of a more d e t a i l e d 
paper. 
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Figure 5. Transmission e l e c t r o n micrograph of Co/Al 
hydroxycarbonate (Co/Al = 3, aged 60°C), showing (at A) w e l l -
ordered layers standing on end along a [hkO] p r o j e c t i o n and (at 
B) regions of low c r y s t a l l i n i t y . 

Selectivity Wt % 
15 Ί 

Carbon Number 
Figure 6. Hydrocarbon s e l e c t i v i t y (wt%) with i n condensate 
f r a c t i o n from c h l o r i t e - a n d h y d r o t a l c i t e - d e r i v e d c a t a l y s t s . 
Conditions are shown i n Table IV. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
01

3

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



13. B R U C E E T A L . Cobalt Clays & Double-Layered Hydroxides 139 

Acknowledgments 

We wish to thank Dr. D. Hay f o r X-ray d i f f r a c t i o n and the l a t e 
Dr J.V. Sanders f o r e l e c t r o n microscopy as wel l as Messrs S. Hardin 
and M. Hoang f o r experimental a s s i s t a n c e . This work was supported 
by the National Energy Research, Development and 
Demonstration Program, Grant #85/0905. 

Literature Cited. 
1. Frohning, C.D.; Rottig, W; Schnur, F. In Chemical Feedstocks 

from Coal; Falbe, J., Ed.; Wiley: New York, 1982; p 351. 
2. Sexton, B.A.; Hughes, A.E.; Turney, T.W. J.Catal. 1986, 97, 

390. 
3. Bruce, L.A.; Sanders, J.V.; Turney, T.W. Clays Clay Miner. 

1986, 34, 25. 
4. Reichle, W.T. J. Catal. 1985, 94, 547. 
5. Bruce, L.A.; Turney, T.W. Catalysts for Synthetic Liquid 

Fuels; NERDDP Report No. EG88/751; Aust. Department of Primary 
Industries and Energy: Canberra, 1988. 

6. Calliere, S.; Henin, S. Bull. Soc. Fr. Ceram. 1960, 48, 63. 
7. Brindley, G.W.; Lemaitre, J. In Chemistry of Clays and Clay 

Minerals; Newman, A.D.C., Ed.; Mineralogical Soc.: London, 
1987; p 334. 

8. Bruce, L.A.; Takos, J.; Turney, T.W. Prepr. Amer. Chem. Soc, 
Div. Petrol. Chem., 1989, 34, 502. 

RECEIVED May 9, 1990 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
01

3

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



Chapter 14 

Pillared Hydrotalcites 
Synthesis, Characterization, and Catalytic Activity 

Mark A. Drezdzon 

Amoco Chemical Company, Amoco Research Center, Naperville, IL 60566 

Exchange of terephthalate-pillared hydrotalcite with 
molybdate or vanadate salts under mildly acidic conditions 
affords the corresponding isopolymetalate-pillared 
hydrotalcite in high yield. Synthesis of mixed 
terephthalate/isopolymetalate-pillared hydrotalcites 
followed by calcination yields higher surface area 
products. Isopolymetalate-pillared hydrotalcites have 
been found to produce both propylene and acetone when 
screened for 2-propanol conversion activity, indicating the 
presence of both acidic and basic catalytic sites. 

Over the past 15-20 years, there has been a renewed and growing 
i n t e r e s t i n the use of c l a y minerals as c a t a l y s t s or c a t a l y s t 
supports. Most of t h i s i n t e r e s t has focused on the p i l l a r i n g of 
smectite c l a y s , such as montmorillonite, with various types of 
ca t i o n s , such as hydrated metal cations, alkylammonium cations and 
po l y c a t i o n s , and polynuclear hydroxy metal cations (1-17). By 
changing the s i z e of the c a t i o n used to separate the ani o n i c sheets 
i n the c l a y s t r u c t u r e , molecular s i e v e - l i k e m aterials can be made 
with pore s i z e s much l a r g e r than those of conventional z e o l i t e s . 

Clays c o n t a i n i n g hydrated metal cations or organic-based 
cations c o l l a p s e upon moderate heating due to the thermal 
i n s t a b i l i t y of these p i l l a r i n g agents (10-16). Using polynuclear 
hydroxy metal cations such as [ A 1 1 3 0 A ( 0 H ) 2 4 ( H 2 0 ) 1 2 ] 7 + , s t a b l e porous 
c l a y m a t e r i a l s can be made (1-9). However, the number of metals 
that form s u i t a b l e polymeric species i s l i m i t e d . 

The a n i o n i c polyoxometalates comprise a much l a r g e r c l a s s of 
metal oxide-based p i l l a r i n g agents (18). I t was proposed that 
h y d r o t a l c i t e s (also r e f e r r e d to as layered double hydroxides, or 
LDHs) would be s u i t a b l e host materials f o r p i l l a r i n g with 
polyoxometalates. Subsequently, a route f o r s y n t h e s i z i n g 
i s o p o l y m e t a l a t e - p i l l a r e d h y d r o t a l c i t e s v i a o r g a n i c - a n i o n - p i l l a r e d 
precursors was developed (19-20). 

This paper summarizes work done on the synthesis and 
c h a r a c t e r i z a t i o n of terephthalate-, isopolymetalate-, and 
t e r e p h t h a l a t e / i s o p o l y m e t a l a t e - p i l l a r e d h y d r o t a l c i t e s . Several t e s t 

0097-6156y90/0437-0140$06.00A) 
© 1990 American Chemical Society 
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r e a c t i o n s a i m e d a t u n d e r s t a n d i n g t h e c a t a l y t i c p r o p e r t i e s o f t h e s e 
m a t e r i a l s , i n c l u d i n g t h e i r a c i d - b a s e p r o p e r t i e s , w i l l a l s o b e 
r e p o r t e d . 

E x p e r i m e n t a l 

D e t a i l s o n t h e m a t e r i a l s a n d m e t h o d s u s e d t o s y n t h e s i z e a n d 
c h a r a c t e r i z e t h e p i l l a r e d h y d r o t a l c i t e s d i s c u s s e d i n t h i s p a p e r h a v e 
b e e n p r e v i o u s l y p u b l i s h e d ( 1 9 ) . F o r t h e i n t e r e s t e d r e a d e r ' s 
c o n v e n i e n c e , a b r i e f d e s c r i p t i o n o f t h e s y n t h e s i s o f s e v e r a l 
p i l l a r e d h y d r o t a l c i t e s f o l l o w s . 

S y n t h e s i s o f T e r e p h t h a l a t e - P i l l a r e d H y d r o t a l c i t e . A 5 - L , t h r e e -
n e c k , r o u n d - D O t t o m f l a s k e q u i p p e d w i t h a r e f l u x c o n d e n s e r , 
t h e r m o m e t e r , m e c h a n i c a l s t i r r e r , a n d e l e c t r i c h e a t i n g m a n t l e was 
c h a r g e d w i t h 1 6 0 0 mL d e i o n i z e d w a t e r , 1 3 3 . 1 g t e r e p h t h a l i c a c i d , a n d 
5 7 5 g 50% NaOH s o l u t i o n . A s o l u t i o n c o n t a i n i n g 1 2 8 0 mL d e i o n i z e d 
w a t e r , 4 1 0 . 1 g M g ( N 0 3 ) 2 ' 6 H 2 0 , a n d 3 0 0 . 0 g Α 1 ( Ν 0 3 ) 3 · 9 Η 2 0 was t h e n a d d e d 
d r o p w i s e t o t h e t e r e p h t h a l a t e / N a O H s o l u t i o n a t r o o m t e m p e r a t u r e o v e r 
a p e r i o d o f 90 m i n . The r e s u l t i n g g e l - l i k e m i x t u r e was d i g e s t e d a t 
7 3 - 7 4 ° C f o r 18 h . U p o n c o o l i n g , t h e p r o d u c t was i s o l a t e d b y 
f i l t r a t i o n , w a s h e d w i t h d e i o n i z e d w a t e r , a n d s t o r e d a s a 7 . 3 9 w t % 
w a t e r s l u r r y ( n e t w e i g h t o f p i l l a r e d h y d r o t a l c i t e - 2 0 3 g , 86% 
y i e l d ) . 

A p r o d u c t d - s p a c i n g o f 1 4 . 4 Â was d e t e r m i n e d b y X R D . The 
f o r m u l a M g 4 2 7 A 1 2 ( 0 H ) 1 2 5 A ( T A ) 4 H 2 0 (TA - t e r e p h t h a l a t e ) i s c o n s i s t e n t 
w i t h e l e m e n t a l a n a l y s e s p e r f o r m e d o n t h e p r o d u c t . BET s u r f a c e a r e a 
o f t h e p r o d u c t - 35 m 2 /g ( o u t g a s s i n g t e m p e r a t u r e - 2 0 0 ° C ) , w h i c h 
i n c r e a s e d t o 298 m 2 /g a f t e r c a l c i n a t i o n a t 5 0 0 ° C f o r 12 h . 

S y n t h e s i s o f M o l v b d a t e - P i l l a r e d H y d r o t a l c i t e . To a 2 5 0 0 - g p o r t i o n 
o f t h e p r e c e d i n g t e r e p h t h a l a t e - p i l l a r e d h y d r o t a l c i t e s l u r r y was 
a d d e d a s o l u t i o n c o n s i s t i n g o f 2 5 4 g N a 2 M o O A * 2 H 2 0 i n 4 5 0 mL d e i o n i z e d 
w a t e r . (The a m o u n t o f m o l y b d a t e a d d e d c o r r e s p o n d s t o a 50% e x c e s s 
o f t h a t n e e d e d f o r s t o i c h i o m e t r i c e x c h a n g e o f t e r e p h t h a l a t e w i t h 
M o 7 0 2 A

6 " . ) A p p r o x i m a t e l y 3 5 0 mL 4N H N 0 3 was s l o w l y a d d e d t o t h e 
m i x t u r e w i t h v i g o r o u s s t i r r i n g , r e s u l t i n g i n a pH d r o p f r o m 1 2 . 0 t o 
4 . 4 . A f t e r 5 m i n a d d i t i o n a l s t i r r i n g (pH — 3 . 7 ) , t h e p r o d u c t was 
f i l t e r e d , w a s h e d , a n d d r i e d a t 1 2 5 ° C o v e r n i g h t . The y i e l d o f h a r d , 
s l i g h t l y o f f - w h i t e c h u n k s o f p r o d u c t was 2 1 5 g ( 9 4 % ) . 

A p r o d u c t d - s p a c i n g o f 1 2 . 2 À was d e t e r m i n e d b y X R D . The 
f o r m u l a M g 1 2 2 6 A 1 6 ( 0 H ) 3 6 5 2 ( M o 7 0 2 A ) ' 6 H 2 0 i s c o n s i s t e n t w i t h e l e m e n t a l 
a n a l y s e s p e r f o r m e d o n t h e p r o d u c t . BET s u r f a c e a r e a o f t h e p r o d u c t 
- 27 m 2 /g ( o u t g a s s i n g t e m p e r a t u r e « 2 0 0 ° C , w h i c h i n c r e a s e d t o 32 
m 2 /g a f t e r c a l c i n a t i o n a t 5 0 0 ° C f o r 12 h . 

S y n t h e s i s o f V a n a d a t e - P i l l a r e d H y d r o t a l c i t e . To a 1 4 0 0 - g p o r t i o n o f 
a t e r e p h t h a l a t e - p i l l a r e d h y d r o t a l c i t e was a d d e d a s o l u t i o n 
c o n t a i n i n g 7 3 . 9 1 g N a V 0 3 (50% e x c e s s ) i n 5 0 0 mL d e i o n i z e d w a t e r . 
A p p r o x i m a t e l y 3 2 0 mL 4N H N 0 3 was s l o w l y a d d e d t o t h e m i x t u r e w i t h 
v i g o r o u s s t i r r i n g , r e s u l t i n g i n a pH d r o p f r o m 9 . 0 t o 4 . 5 . A f t e r 5 
m i n a d d i t i o n a l s t i r r i n g (pH « 4 . 9 ) , t h e p r o d u c t was f i l t e r e d , 
w a s h e d , a n d d r i e d a t 1 2 5 ° C o v e r n i g h t . The y i e l d o f h a r d , y e l l o w i s h 
c h u n k s o f p r o d u c t was 1 0 5 g ( 8 5 % ) . 
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A p r o d u c t d - s p a c i n g o f 1 1 . 8 À was d e t e r m i n e d b y XRD. T h e 
f o r m u l a M g 1 2 8 3 A l 6 ( O H ) 3 7 6 6 ( V 1 0 O 2 8 ) ' 6 H 2 0 i s c o n s i s t e n t w i t h e l e m e n t a l 
a n a l y s e s p e r f o r m e d o n t h e p r o d u c t . BET s u r f a c e a r e a o f t h e p r o d u c t 
= 30 m 2 /g ( o u t g a s s i n g t e m p e r a t u r e = 2 0 0 ° C ) , w h i c h i n c r e a s e d t o 32 
m 2 /g a f t e r c a l c i n a t i o n a t 5 0 0 ° C f o r 12 h r . 

S y n t h e s i s o f T e r e p h t h a l a t e / V a n a d a t e - P i l l a r e d H y d r o t a l c i t e . To a 
1 3 5 0 - g p o r t i o n o f a t e r e p h t h a l a t e - p i l l a r e d h y d r o t a l c i t e was a d d e d a 
s o l u t i o n c o n s i s t i n g o f 1 4 . 0 g N a V 0 3 i n 1 0 0 mL d e i o n i z e d w a t e r . (The 
a m o u n t o f v a n a d a t e a d d e d c o r r e s p o n d s t o 25% o f t h a t n e e d e d f o r 
s t o i c h i o m e t r i c e x c h a n g e o f t e r e p h t h a l a t e w i t h V 1 0 O 2 8

6 " . ) 
A p p r o x i m a t e l y 1 0 0 mL 4N H N 0 3 was s l o w l y a d d e d t o t h e m i x t u r e w i t h 
v i g o r o u s s t i r r i n g , r e s u l t i n g i n a pH d r o p f r o m 9 . 3 t o 4 . 5 . A f t e r 5 
m i n a d d i t i o n a l s t i r r i n g (pH = 4 . 8 ) , t h e p r o d u c t was f i l t e r e d , 
w a s h e d , a n d d r i e d a t 1 2 5 ° C o v e r n i g h t . The y i e l d o f h a r d , p a l e 
y e l l o w i s h c h u n k s o f p r o d u c t was 97 g ( 8 1 % ) . 

A p r o d u c t d - s p a c i n g o f 1 4 . 4 3 Â was d e t e r m i n e d b y X R D . The 
f o r m u l a M g 1 2 9 0 A 1 6 ( O H ) 3 7 9 6 ( V 1 0 0 2 8 ) 0 2 1 ( T A ) 2 3 / 6 H 2 0 i s c o n s i s t e n t w i t h 
e l e m e n t a l a n a l y s e s p e r f o r m e d o n t h e p r o d u c t . BET s u r f a c e a r e a o f 
t h e p r o d u c t - 4 0 m 2 /g ( o u t g a s s i n g t e m p e r a t u r e = 2 0 0 ° C ) , w h i c h 
i n c r e a s e d t o 166 m 2 /g a f t e r c a l c i n a t i o n a t 5 0 0 ° C f o r 12 h r . 

R e s u l t s a n d D i s c u s s i o n 

P r e v i o u s l y r e p o r t e d m e t h o d s f o r s y n t h e s i z i n g p o l y o x o m e t a l a t e -
p i l l a r e d h y d r o t a l c i t e s i n v o l v e t h e e x c h a n g e o f c h l o r i d e - c o n t a i n i n g 
h y d r o t a l c i t e s ( 2 1 - 2 3 ) . I n t h i s w o r k , t h e n o v e l a p p r o a c h t a k e n i n 
s y n t h e s i z i n g p i l l a r e d h y d r o t a l c i t e s h a s b e e n t o p r e p a r e a n o r g a n i c -
a n i o n - p i l l a r e d p r e c u r s o r , w h i c h i s s u b s e q u e n t l y e x c h a n g e d w i t h t h e 
a p p r o p r i a t e i s o p o l y m e t a l a t e u n d e r m i l d l y a c i d i c c o n d i t i o n s ( F i g u r e 
1 ) . 

S y n t h e s i s a n d C h a r a c t e r i z a t i o n o f T e r e p h t h a l a t e - P i l l a r e d 
H y d r o t a l c i t e . M o l e c u l a r m o d e l i n g s t u d i e s i n d i c a t e d t h a t o r g a n i c 
a n i o n s c o n t a i n i n g a n a r o m a t i c r i n g , s u c h a s t h e t e r e p h t h a l a t e 
d i a n i o n , w o u l d b e l a r g e e n o u g h t o p r e s e p a r a t e t h e m e t a l h y d r o x i d e 
l a y e r s o f h y d r o t a l c i t e f o r p o l y o x o m e t a l a t e e x c h a n g e . T h e r e f o r e , a 
s e r i e s o f h y d r o t a l c i t e s y n t h e s e s was p e r f o r m e d b y p u b l i s h e d 
c o p r e c i p i t a t i o n / d i g e s t i o n p r o c e d u r e s ( 2 4 - 2 7 ) e x c e p t f o r t h e 
s u b s t i t u t i o n o f t h e d e s i r e d o r g a n i c a n i o n , s u c h a s t e r e p h t h a l a t e , 
f o r c a r b o n a t e . I n t h i s m a n n e r , t e r e p h t h a l a t e - p i l l a r e d h y d r o t a l c i t e 
was p r e p a r e d , a s c o n f i r m e d b y X - r a y d i f f r a c t i o n a n d e l e m e n t a l 
a n a l y s i s . 

The 1 4 . 4 À d - s p a c i n g m e a s u r e d f o r t e r e p h t h a l a t e - p i l l a r e d 
h y d r o t a l c i t e a g r e e s w e l l w i t h t h a t c a l c u l a t e d f r o m m o l e c u l a r m o d e l s 
a s s u m i n g t h e p l a n e o f t h e a r o m a t i c r i n g i s p e r p e n d i c u l a r t o t h e 
b r u c i t e l a y e r s . I n s a m p l e s d r i e d b e l o w 1 2 5 ° C , t h e r e m a i n i n g g a l l e r y 
s p a c e i s f i l l e d w i t h w a t e r . H e a t i n g t o 3 0 0 - 3 5 0 ° C r e m o v e s t h i s 
i n t e r l a y e r w a t e r ( a p p r o x i m a t e l y 4 H 2 0 p e r t e r e p h t h a l a t e a n i o n ) . 
C a l c i n a t i o n a t h i g h e r t e m p e r a t u r e s r e s u l t s i n d e c o m p o s i t i o n o f t h e 
o r g a n i c a n i o n . 

I n n e u t r a l o r b a s i c m e d i a , t e r e p h t h a l a t e - p i l l a r e d h y d r o t a l c i t e 
i s s t a b l e i n d e f i n i t e l y . A c i d i f i c a t i o n w i t h d i l u t e HC1 o r H N 0 3 

r e s u l t s i n t h e f o r m a t i o n o f t h e c o r r e s p o n d i n g c h l o r i d e - o r n i t r a t e -
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c o n t a i n i n g h y d r o t a l c i t e , a s i n d i c a t e d b y a c o l l a p s e o f t h e d - s p a c i n g 
t o 7 . 8 Â . T r e a t m e n t o f t e r e p h t h a l a t e - p i l l a r e d h y d r o t a l c i t e w i t h 
m o n o m e t a l a t e s a l t s ( N a 2 M o O A o r N a V 0 3 ) a t r o o m t e m p e r a t u r e w i t h o u t 
a c i d i f i c a t i o n r e s u l t s i n n o e x c h a n g e . 

S y n t h e s i s a n d C h a r a c t e r i z a t i o n o f I s o p o l y m e t a l a t e - P i l l a r e d 
H y d r o t a l c i t e s . E x c h a n g e o f t e r e p h t h a l a t e - p i l l a r e d h y d r o t a l c i t e w i t h 
t h e a p p r o p r i a t e m e t a l a t e u n d e r m i l d l y a c i d i c c o n d i t i o n s (pH — 4 . 5 ) 
p r o c e e d s s m o o t h l y t o y i e l d t h e c o r r e s p o n d i n g i s o p o l y m e t a l a t e -
p i l l a r e d h y d r o t a l c i t e , a s i n d i c a t e d b y X - r a y d i f f r a c t i o n a n d 
e l e m e n t a l a n a l y s i s . The d - s p a c i n g s o f t h e p r o d u c t s c o n f i r m t h a t t h e 
s h o r t e s t d i m e n s i o n o f t h e i s o p o l y m e t a l a t e i s p e r p e n d i c u l a r t o t h e 
m e t a l h y d r o x i d e l a y e r s . 

F i g u r e 2 i l l u s t r a t e s t h e t h e r m a l b e h a v i o r o f a h e p t a m o l y b d a t e -
p i l l a r e d h y d r o t a l c i t e ; t h e t h e r m a l b e h a v i o r o f a d e c a v a n a d a t e -
p i l l a r e d h y d r o t a l c i t e i s s i m i l a r , w i t h g a l l e r y w a t e r l o s s b e l o w 3 0 0 -
3 5 0 ° C a n d b r u c i t e l a y e r d e h y d r o x y l a t i o n up t o 5 0 0 ° C . H i g h -
r e s o l u t i o n TEM m i c r o g r a p h s o f m a t e r i a l s c a l c i n e d up t o 5 0 0 ° C show 
t h a t t h e l a y e r e d h y d r o t a l c i t e s t r u c t u r e i s s t i l l i n t a c t ; h o w e v e r , 
t h e e x a c t f a t e o f t h e p o l y o x o m e t a l a t e p i l l a r s w i t h r e s p e c t t o 
p o s s i b l e r e a r r a n g e m e n t i s s t i l l u n d e r i n v e s t i g a t i o n . T o t a l 
d e s t r u c t i o n o f t h e l a y e r e d s t r u c t u r e o c c u r s a b o v e 6 0 0 ° C , w h e r e t h e 
c o r r e s p o n d i n g m a g n e s i u m m e t a l a t e i s p r o d u c e d . 

V a r i a b l e P i l l a r S p a c i n g i n P i l l a r e d H y d r o t a l c i t e s . A s i l l u s t r a t e d 
i n F i g u r e 3 , t h e p i l l a r s i n a d e c a v a n a d a t e - p i l l a r e d h y d r o t a l c i t e a r e 
v e r y c l o s e l y s p a c e d , w i t h j u s t e n o u g h r o o m f o r g a l l e r y w a t e r 
m o l e c u l e s . P i l l a r e d h y d r o t a l c i t e s w i t h l a r g e r p o r e s may b e 
s y n t h e s i z e d b y t h e p a r t i a l e x c h a n g e o f t e r e p h t h a l a t e - p i l l a r e d 
h y d r o t a l c i t e , f o l l o w e d b y c a l c i n a t i o n t o r e m o v e t h e r e m a i n i n g 
o r g a n i c m a t e r i a l ( 2 0 ) . T a b l e I s u m m a r i z e s d a t a o b t a i n e d o n a s e r i e s 
o f p i l l a r e d h y d r o t a l c i t e s w i t h v a r y i n g t e r e p h t h a l a t e / d e c a v a n a d a t e 
p i l l a r r a t i o . A s e x p e c t e d , t h e s u r f a c e a r e a o f t h e c a l c i n e d 
p i l l a r e d h y d r o t a l c i t e s i n c r e a s e s a s t h e n u m b e r o f d e c a v a n a d a t e 
p i l l a r s i n t h e g a l l e r y d e c r e a s e s . 

T a b l e I . E x c h a n g e R e a c t i o n s o f T e r e p h t h a l a t e - P i l l a r e d 
H y d r o t a l c i t e C l a y s w i t h D e c a v a n a d a t e 

% E x c h a n g e 
d - S p a c i n g (k) S u r f a c e A r e a (m 2 /e) 

% E x c h a n g e TA E x c h a n g e d D r v C a l c i n e d 
9 1 1 4 . 3 9 1 1 . 7 6 38 38 
82 1 4 . 3 9 1 1 . 8 9 33 45 
60 1 4 . 4 0 1 1 . 7 6 , 1 4 . 2 7 38 64 
39 1 4 . 3 8 1 4 . 3 2 4 0 1 2 3 
2 1 1 4 . 4 0 1 4 . 4 3 4 0 166 

0 1 4 . 4 0 — 36 298 

C l a y s w h i c h h a v e a l a r g e m a j o r i t y (>80% e x c h a n g e ) o f 
p o l y o x o m e t a l a t e p i l l a r s e x h i b i t a d - s p a c i n g c o n s i s t e n t w i t h a 
p o l y o x o m e t a l a t e - p i l l a r e d m a t e r i a l . When l e s s t h a n h a l f o f t h e 
t e r e p h t h a l a t e h a s b e e n r e p l a c e d b y p o l y o x o m e t a l a t e , t h e d - s p a c i n g 
d o e s n o t c h a n g e , r e f l e c t i n g t h e l a r g e r e f f e c t i v e p i l l a r i n g s i z e o f 
t h e t e r e p h t h a l a t e a n i o n . A t i n t e r m e d i a t e e x c h a n g e l e v e l s ( 5 0 - 7 5 % ) 
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M0O4 

OH" 

M07O24 

co; 
d = 14.4 AO 

co; 

H* t 
C O * 

14.4 A 
' I 

Y 
d = 12.2 A M070246" 

VOS 

OH" 

Y 
d = 11.9 Α ν,οΟίβ*-

F i g u r e 1 . S c h e m a t i c r e p r e s e n t a t i o n o f t e r e p h t h a l a t e e x c h a n g e 
w i t h h e p t a m o l y b d a t e a n d d e c a v a n a d a t e i n h y d r o t a l c i t e . P i l l a r e d 
h y d r o t a l c i t e d - s p a c i n g s w e r e c a l c u l a t e d f r o m m o d e l s . 
( R e p r o d u c e d f r o m R e f . 1 9 . C o p y r i g h t 1 9 8 8 A m e r i c a n C h e m i c a l S o c i e t y . ) 

Temperature (°C) 
F i g u r e 2 . T h e r m a l a n a l y s i s f o r h e p t a m o l y b d a t e - p i l l a r e d 
h y d r o t a l c i t e : ( a ) TGA; ( b ) DTA. ( R e p r o d u c e d 
f r o m R e f . 1 9 . C o p y r i g h t 1 9 8 8 A m e r i c a n C h e m i c a l S o c i e t y . ) 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
01

4

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



14. DREZDZON Pillared Hydrotalcites 145 

d-spacings corresponding to both the terephthalate- and 
poly o x o m e t a l a t e - p i l l a r e d h y d r o t a l c i t e s are detected. Since 
a n a l y t i c a l e l e c t r o n microscopy shows a r e l a t i v e l y homogeneous 
elemental d i s t r i b u t i o n throughout the sample, exchange on a 
p a r t i c l e - b y - p a r t i c l e b a s i s i s not occurring. One cause of the dual 
d-spacings might be sagging of the b r u c i t e l a y e r s i n areas where 
r a f t s of polyoxometalate p i l l a r s may have been incorporated. 

Figure 4 shows the 5 1V MAS-NMR spectra of s e v e r a l 
terephthalate/decavanadate-pillared h y d r o t a l c i t e s . These spectra 
are c o n s i s t e n t with that p r e v i o u s l y published f o r (NH 4) 6V 1 0O 2 8 (23) . 
The changes which occur to the decavanadate p i l l a r s upon c a l c i n a t i o n 
of the p i l l a r e d h y d r o t a l c i t e are c u r r e n t l y being i n v e s t i g a t e d . I t 
i s known, however, that i n the case of p i l l a r e d m a t e r i a l s c o n t a i n i n g 
as l i t t l e as 25-30% polyoxometalate p i l l a r s the o v e r a l l l a y e r e d 
s t r u c t u r e i s maintained up to 500°C (Figure 5). 

C a t a l y t i c A c t i v i t y of P i l l a r e d H y d r o t a l c i t e s 

I t has p r e v i o u s l y been reported that h y d r o t a l c i t e c a t a l y z e s the 
a l d o l condensation of acetone (25). Polyoxometalates are known to 
dehydrate al c o h o l s due to t h e i r a c i d i c nature (18). In order to 
compare the r e l a t i v e b a s i c i t y of po l y o x o m e t a l a t e - p i l l a r e d 
h y d r o t a l c i t e s to that of h y d r o t a l c i t e i t s e l f , a v a r i e t y of 
h y d r o t a l c i t e s were screened f o r 2-propanol conversion (Table I I ) . 
This r e a c t i o n i s known to give propylene when the c a t a l y s t contains 
a c i d i c s i t e s (such as alumina) and acetone when the c a t a l y s t 
contains b a s i c s i t e s (such as magnesium oxide). 

Table I I . 2-Propanol Conversion Over Various C a t a l y s t s (a) 

% S e l e c t i v i t v (b) 
Ca t a l v s t % Conv Propvlene Acetone 
Alumina 100 100 0 
V 1 0 - H y d r o t a l c i t e 85 87 12 
Mo 7-Hydrotalcite 35 47 51 
H y d r o t a l c i t e 24 25 70 
Magnesium Oxide 8 6 90 
(a) Temperature = 350°C; neat 2-propanol feed r a t e - 1 g/min (no 

d i l u e n t ) ; c a t a l y s t bed length » 3". 
(b) The balance of the products are higher-molecular-weight 

oligomers formed from the a l d o l condensation of acetone. 

The r e s u l t s i n Table II suggest that molybdate- and vanadate-
p i l l a r e d h y d r o t a l c i t e s c o n t a i n both a c i d i c and b a s i c s i t e s , the 
ba s i c s i t e s l o c a t e d on the metal hydroxide sheets, and the a c i d i c 
s i t e s l o c a t e d on the polyoxometalate p i l l a r s . 

P o l y o xometalate-pillared h y d r o t a l c i t e s were a l s o screened f o r 
a c t i v i t y f o r the dehydrogenation of t-butylethylbenzene to t-
buty l s t y r e n e . Table I I I shows that m o l y b d a t e - p i l l a r e d h y d r o t a l c i t e s 
outperformed other p i l l a r e d h y d r o t a l c i t e s . 
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146 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Figure 3. Model of decavanadate-pillared h y d r o t a l c i t e viewed 
normal to the metal hydroxide l a y e r s . Atom types are as 
fol l o w s : (a) Mg or A l ; (b) OH group i n the metal hydroxide 
l a y e r ; (c) 0 from the decavanadate p i l l a r i n contact with the 
metal hydroxide l a y e r ; (d) V. (Model was constructed u s i n g 
Chem-X, developed and d i s t r i b u t e d by Chemical Design Ltd., 
Oxford, England.) (Reproduced from Ref. 19. 
Copyright 1988 American Chemical Society.) 

- 4 0 0 - 6 0 0 - 8 0 0 
ppm 

Figure 4. Vanadium-51 s o l i d s tate MAS-NMR of terephthalate-
p i l l a r e d h y d r o t a l c i t e s p a r t i a l l y exchanged with decavanadate: 
(a) 39% exch.; (b) 60% exch.; (c) 91% exch. 
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F i g u r e 5 . TEM m i c r o g r a p h o f a t e r e p h t h a l a t e / d e c a v a n a d a t e -
p i l l a r e d h y d r o t a l c i t e (39% d e c a v a n a d a t e e x c h a n g e d ) a f t e r 
c a l c i n a t i o n a t 5 0 0 ° . 

T a b l e I I I . D e h y d r o g e n a t i o n o f t - b u t y l e t h y l b e n z e n e O v e r V a r i o u s 
I s o p o l y m e t a l a t e - P i l l a r e d H y d r o t a l c i t e s ( a ) 

C a t a l y s t T i m e (h) Temp (°C) % C o n v % S e l 
M o 7 - H y d r o t a l c i t e 8 5 0 0 54 80 

12 5 5 0 57 68 
V 1 0 - H y d r o t a l c i t e 3 515 38 55 V 1 0 - H y d r o t a l c i t e 

6 515 3 1 55 
W 7 - H y d r o t a l c i t e 6 520 2 1 57 W 7 - H y d r o t a l c i t e 

9 5 2 0 23 83 
( a ) R e a c t i o n s w e r e r u n u s i n g 

R e a c t i o n c o n d i t i o n s w e r e 
8% o x y g e n i n n i t r o g e n 
n o t o p t i m i z e d . 

a s a d i l u e n t . 

I t was i n i t i a l l y h o p e d t h a t r u n n i n g t h e r e a c t i o n u n d e r 
o x i d a t i v e d e h y d r o g e n a t i o n c o n d i t i o n s w o u l d l e a d t o h i g h e r 
c o n v e r s i o n s . S t u d i e s w i t h m o l y b d a t e - p i l l a r e d h y d r o t a l c i t e s u n d e r 
m o r e o p t i m i z e d c o n d i t i o n s s h o w e d t h a t t h e p r e s e n c e o f o x y g e n i n t h e 
f e e d s i m p l y k e p t t h e c a t a l y s t f r o m c o k i n g u p a s f a s t a s i f o x y g e n 
w e r e n o t i n c l u d e d . U n f o r t u n a t e l y , e v e n w i t h t h e p r e s e n c e o f o x y g e n 
i n t h e f e e d , m o l y b d a t e - p i l l a r e d h y d r o t a l c i t e s w e r e f o u n d t o l o s e 
a p p r o x i m a t e l y 40% o f t h e i r a c t i v i t y a f t e r 1 0 0 - 1 5 0 h o u r s o n s t r e a m . 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, O.C. 20036 
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Chapter 15 

Low-Nuclearity Platinum Clusters Supported 
on Graphite 

Structural Flexibility 

P. Gallezot, D. Richard, and G. Bergeret 

Institut de Recherches sur la Catalyse, Centre National de la Recherche 
Scientifique, 2 Avenue Albert Einstein, 69626 Villeurbanne, Cedex, France 

Platinum clusters prepared by ion-exchange of a functionalized, 
high surface area graphite are selectively located on graphite 
steps. The interatomic distances obtained by radial electron 
distribution (RED) are elongated with respect to Pt-bulk distances 
because of an electron transfer from graphite to metal. Platinum 
clusters prepared by decomposition of platinum-dibenzylidene 
acetone complex are selectively located on the basal planes. The 
combined use of RED and HRTEM shows that they have a raft-like 
morphology and that their lattice is distorted because there is a 
strong epitaxy between Pt(110) and graphite (00.1) planes. The 
different interaction of the two types of clusters with graphite leads 
to differences in morphology, electronic structure and 
chemioselectivity in cinnamaldehyde hydrogenation. 

Heterogeneous catalysts used in organic synthesis are still largely 
based on Raney-nickel and charcoal-supported metal catalysts. Innovative 
preparations of new catalytic materials are needed for the production of fine 
chemicals. Thus the selective synthesis of biologically active isomers used in 
drugs will require the design of new stereoselective and enantioselective 
catalysts. We have shown recently (1-3) that platinum catalysts supported on 
high surface area graphite are mucnrriore selective for the hydrogénation of 
cinnamaldehyde into cinnamyl alcohol than charcoal-supported catalysts. 
The aim of the present work was to describe in more details the structure of 
platinum clusters supported on graphite with two specific locations : clusters 
on graphite steps anchored at the edges of basal planes and clusters on top 
of basal planes. 

Experimental 

Graphite-supported platinum catalysts were prepared from a high surface 
area graphite (HSAG 300 m2g~1 from Lonza). It was oxidized by stirring for 
24 h a graphite suspension in a solution of sodium hypochlorite (15 % active 
chlorine), the suspension was filtered and washed with hydrochloric acid 
(1.25N) to eliminate the excess of NaCIO. The graphite was thoroughly 
washed by water until the wash-water was Cl-free, then it was dried 
overnight at 373 Κ in a vacuum oven. The acidic groups created by the 

0097-6156/90/0437-0150$06.00/0 
© 1990 American Chemical Society 
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15. GALLEZOT ET AL Low-Nuclearity Platinum Clusters 151 

oxidizing treatment were dosed by NaOH titration (4). The HOPG araphite 
used for STM studies was obtained from Union Carbide and Carbone 
Lorraine. It was cleaved and then submitted to the same oxidizing treatment 
as the HSAG graphite. 

Catalyst Pt/Gex was prepared by ion-exchange of the oxidized HSAG 
graphite in suspension in an ammonia solution (1N). A solution of 
Pt(NH3)4(OH)2 (obtained by passage of a solution of Pt(NH3)4Cl2 on an 
anionic exchange resin) was added dropwise. After overnight stirring at room 
temperature, the suspension was filtered and washed to eliminate the excess 
of metallic salt and dried overnight. Chemical analysis indicated a 3.6 wt % 
Pt-loading. The exchanged graphite was reduced under flowing hydrogen at 
573 K. Higher reduction temperatures were also used to test the stability of 
platinum toward sintering. 

Catalyst Pt/Gc was obtained by carbon monoxide decomposition of the 
zerovalent Pt(dpo)2 complex (dpo = 1,5-diphenyl-1,4-pentadiene-3-
one). A suspension of graphite in a CH2CI2 solution of the complex was 
stirred while carbon monoxide was bubbling in the solution. After 30 min the 
slurry was filtered, washed and dried. The platinum loading was 1,1 wt %. 

The high resolution TEM study was carried out with a JEOL 200 CX 
microscope equipped with high resolution polar pieces. The STM used for the 
study of HOPG graphite was of the same type as that described by Hansma 
and Tersoff (5). Imaging was performed in air, in the constant current mode. 
Further details were given previously (6). 

Radial electron distribution (RED) was calculated from Fourier analysis 
of X-ray scattering data as described previously (7). The RED of a Pt-free 
graphite was subtracted from the RED of graphite-supported platinum to 
obtain the distribution of distances between platinum atoms. The 
experimental distribution was compared to distributions calculated from 
model f.c.c. aggregates of different morphology. 

Results and Discussions 

Structure of the Oxidized Graphite. The oxidizing treatment with sodium 
hypochlorite produces two effects on the structure of graphite namely (i) 
etching of the microcrystals resulting in an increase of the number of steps (ii) 
functionalization of the steps i.e. creation of carboxylic and other acidic 
groups at the extremities of basal planes. 

TEM observations before and after NaCIO treatment of HSAG graphite 
do not allow a good evaluation of the etching effect because steps are 
present initially and new steps can be evidenced only if there is enough 
contrast i.e. if step heights are not too small with respect to the total thickness 
of graphite platelet. Scanning tunneling microscopy (STM) is the best probe 
to map surface heterogeneities. However, since the technique cannot be 
applied to the high surface graphite powder, measurements have been done 
on a macroscopic piece of HOPG graphite. STM images of freshly cleaved 
lamellas show that the surface is smooth over areas extending over several 
hundreds of nanometers with only occasional steps. In contrast after NaCIO 
treatment, STM images present a high density of etching figures clearly 
evidenced on Figure 1. 

There are two types of heterogeneities (i) parallel or wedge-shaped 
steps with heights in the range from one nanometer or less to a Few tens of 
nanometers (ii) domains of high surface roughness with bumps as high as 5 
nm. It can be concluded that graphite layers have been etched by the 
oxidizing treatment, steps and bumps are left as a result of incomplete layer 
attack. 
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As the surface area of frontal planes (rise of steps and bumps) 
increases upon the oxidizing treatment, the number of functional groups on 
these planes, i.e. at the extremities of basal planes, also increases. Thus, 
NaOH titration of acidic groups shows that the acidity increases from 1.7 
mmol m~2 (total graphite surface) to 6.1 mmol m~2. Therefore, steps and 
associated acidic groups exist initially but their number is greatly increased 
after NaCIO treatment. 

Structure of Clusters on Graphite Steps. The TEM study of Pt/Gex 
cataiyst.obtamed Dy ion-exchange of the oxidized HSAG graphite and 
hydrogen reduction at 573 K, shows that platinum clusters are mainly located 
along the steps of graphite (Figure 2). A few of them do not seem to be on 
steps but rather on zones with a "granular" contrast which correspond 
probably to the bumps imaged by STM. The size distribution (Figure 3) 
shows that most of the particles are smaller than 2 nm, the mean size is 1.3 
nm. We failed to detect these clusters by STM probably because of their 
small size and of their particular location. Indeed because they are nested at 
the foot or on the rise of steps, they escape detection by the tip ascending 
the high heterogeneities of the graphite surface. 

The structure of the clusters has been studied by radial electron 
distribution (RED) from X-ray scattering data recorded under hydrogen 
atmosphere. Figure 4a gives the RED of Pt/Gex obtained after subtraction of 
the RED of a Pt-free graphite. All the interatomic distances correspond to the 
f.c.c. structure but they are significantly elongated with respect to the normal 
bulk platinum distances. The lattice expansion could be attributed to an 
electron transfer from graphite to metal which would increase the population 
of the antibonding levels and thus decrease the cohesive energy of the lattice. 
Evidence for an electron transfer was given by the decrease of the ratio KT/B 
of the adsorption coefficients of toluene and benzene with respect to that 
observed on platinum catalysts supported on silica or on active charcoal (1). 
Interestingly the reverse was observed on electron-accepting zeolite 
supports, namely a contraction of the lattice and an increase of KT/R ratios 
(8). 

The electron transfer could happen as a result of an equalization of the 
Fermi levels of graphite and platinum the process being favored by the 
coupling of platinum atoms with the carbon atoms terminating the basal 
planes. However, functional groups are still present as shown by TPD 
experiments where CO2 and CO outgassed at temperatures much higher 
than the reduction temperature (573 K). Electron-donating O" or COO* 
groups terminating the basal planes could act as ligands increasing the 
electron density on low-nuclearity clusters. 

The experimental RED (Figure 4a) has been compared to various RED 
calculated from model clusters of different size and shape. Spherical models 
give always the best agreement, thus Figure 4b is a distribution calculated for 
a 50:50 mixture of 6-atoms (7 A) octahedral clusters and of 135-atoms (17.4 
A) spherical clusters (96 % of the atoms are in the large clusters). 

Structure of Clusters on Basal Planes. The particles in Pt/Gc catalyst 
prepared by decomposition ot the Pt(dpo)2 complex are randomly distributed 
on graphite basal planes. They have irregular rounded shapes with sizes in 
the range 1 to 10 nm (Figure 5a). Their contrast on TEM images is low 
whatever the particle size. This suggests a flat morphology since one would 
expect quite different contrasts for spherical 1 and 10 nm particles. It was not 
possible to record nanodiffraction pattern with a FEG-STEM because the 
particles recrystallize under the beam to give more contrasted and smaller 
particles which indicates a change from a raft-like to a more spherical 
morphology. 
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Figure 2. TEM views taken on Pt/Gex catalyst. 

nm 

Figure 3. Particle size distribution on Pt/Gex. 
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2.80 

I ι I I I 
0 2 4 β 8 10 

Figure 4 . Radial electron distribution of Pt/Gex (a) experimental 
distribution obtained by Fourier transform of X-ray scattering data 
(b) model distribution calculated for spherical clusters. 
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Figure 5. TEM views taken on Pt/Gc catalyst. 
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The raft-like morphology was confirmed by combined HRTEM and RED 
studies. The TEM views of Pt/Gc taken at high magnification with the JEOL 
200 CX microscope show the lattice images of the (111) planes of platinum 
(d = 2.26A) (Figures 5b, 5c) and, in some zones, the image of the (10.0) 
planes of graphite (d = 2.13 A). It is noteworthy that the larger particles are 
polycrystamne (Figure 5a). In many monocrystalline particles two sets of (111) 
planes can be imaged (Figures 5b, 5c). This implies that the particles are 
oriented with the (110) plane perpendicular to the electron beam i.e. parallel 
to the basal plane (00.1) of graphite. Measurements of the angles between 
(111) planes indicate that in some aggregates they are close to the theoretical 
value of 70° 53' (Figure 5b). In contrast, in a number of particles, the angle 
between the (111) planes is smaller, thus in Figure 5c, it is smaller than 65°. 
This lattice distortion is due to the strong epitaxial interaction between Pt(110) 
and graphite (00.1). The epitaxy between these planes is very favorable 
because the two lattices match closely. Therefore when there is a large 
fraction of surface atoms, the interaction between the platinum and carbon 
atoms is sufficient to distort the whole lattice, especially the angle between 
Pt(111) planes tends to bend toward 60°, the angle between carbon atom 
rows in the graphite basal plane. 

The RtD of Pt/Gc given in Figure 6a shows that the relative magnitudes 
of the Pt-Pt peaks do not correspond to spherical particles. Thus, the 4th and 
5th peaks have about the same magnitude and the 6th peak corresponding 
to a low multiplicity distance is observed. We have tried to match the RED of 
Pt/Gc with a distribution calculated from various models. The best fits are 
obtained for plate-like fee aggregates oriented parallel to the (110) plane. 
Thus Figure 6b gives the RED calculated for a model aggregate containing 23 
atoms arranged in two (110) atomic layers. The interatomic distances in Pt/Gc 
are not systematically elongated like in Pt/Gex. Some distances are 
elongated, other are contracted and the peaks are broader than in Pt/Gc. 
This means that the fee lattice of the raft-like particles is distorted in 
agreement with the TEM study. 

Since there is no significant lattice expansion, the electron transfer from 
graphite to metal should be smaller. Indeed the ratio Kym measured on 
Pt/Gc (7.2) is intermediate between those observed on Pt/Gex (5.5) and 
Pt/SiO? (8.0) where there is no electron transfer. This could be due to a less 
favorable coupling between platinum and graphite atoms when the particle 
are top-on rather than edge-on. However this could also be due to the fact 
that the electron-donating species are the functional groups at the edges of 
basal planes. There is a good correlation between the extent of charge 
transfer from support to metal and the selectivity to cinnamyl alcohol in the 
hydrogénation of cinnamaldehyde. Thus the initial selectivities are 72, 54 and 
0 % on Pt/Gex, Pt/Gc and Pt/active charcoal (3). This is because the higher 
electron density on the cluster, the lower the probability for the activation of 
the C = C bond which involves as a first step an electron transfer of π -
electrons to the metal. 

Conclusion 

Previous studies on zeolite-encaged metal clusters have shown that the 
structure of low-nuclearity metal clusters is flexible in presence of adsorbates 
acting as surface ligands. The flexibility i.e. the ability to change morphology 
and the extent of atomic displacement with respect to the normal f.c.c. 
packing depends upon the cohesive energy of the metal and of the 
enthalpies of metal-adsorbate bondings (9). Thus it was shown (7, 8) that the 
most probable structure of platinum clusters in Y-zeolite cages is a 40-
atoms, truncated tetrahedron which has the same symmetry as the 
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Γ/Α 
Figure 6. Radial electron distribution of Pt/Gc (a) experimental distribution 

(b) model distribution calculated for two (110) layers (23 atoms). 
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supercage and which fits perfectly within its inner space. However the f.c.c. 
packing of the cluster was deeply perturbed by adsorption of O2. CO or H2S. 
The present investigation shows also that the graphite support commands 
the particle morphology ; thus clusters located on steps tend to have a 
spherical morphology whereas clusters on basal planes tend to have a raft
like morphology. The most interesting conclusion of this paper is that the 
arrangement of atoms in the clusters is flexible in response to the support 
acting as a macroligand. Two kinds of deformations with respect to the 
normal f.c.c. packing were observed (i) a lattice expansion of the clusters 
interacting with the graphite steps (ii) a lattice distortion of the raft-like cluster 
interacting with the oasal plane. These modifications of the atomic structure 
are connected with modifications of the electronic structure especially for the 
clusters anchored on steps. Ultimately, these different atomic and electronic 
structures lead to different catalytic properties for reactions very sensitive to 
the structure of catalyst such as the chemioselective hydrogénation of 
cinnamaldehyde. 
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Chapter 16 

Adsorbed Carbon Monoxide and Ethylene 
on Colloidal Metals 

Infrared and High-Resolution 13C NMR Spectroscopic 
Characterization 

John S. Bradley, John Millar, Ernestine W. Hill, and Michael Melchior 

Exxon Research and Engineering Company, Route 22 East, Clinton 
Township, Annandale, NJ 08801 

Colloidal solutions of highly dispersed 
platinum (<10Å particles) and palladium (18Å 
particles), prepared by the condensation of 
platinum or palladium vapor into cold solutions 
of isobutylaluminoxane oligomers in 
methylcyclohexane, absorb carbon monoxide. 
Infrared spectroscopy on these solutions shows 
bands at 2035(s) cm-1(Pt), and 2062(s) and 
1941(m) cm-1 (Pd), corresponding to the 
absorptions for linear and bridging carbonyls 
adsorbed on the surface of the metal particles. 
Solution 13C n.m.r. spectra (75MHz.) of the 
carbonylated platinum and palladium colloids 
exhibit broad lines (w1/2 = 50 p.p.m. and 20 
p.p.m. respectively) centered near 190 p.p.m. At 
low temperature the Pd/CO resonance shows a low 
field shoulder suggestive of bridging carbonyls. 
The carbonylated Pt colloid is easily 
transformed into the molecular cluster 
[Pt12(CO)24]2- by reaction with water. The 
reaction of ethylene with aluminoxane stabilized 
colloidal solutions of palladium has been 
investigated in a similar fashion. Exchange 
between free and adsorbed ethylene are observed 
by 13C n.m.r. 

The p r e p a r a t i o n of m e t a l c o l l o i d s and t h e i r u s e i n 
c a t a l y s i s i s a l m o s t as o l d as the s t u d y o f c a t a l y s i s 
i t s e l f , a nd t h e i r e f f i c i e n c y as c a t a l y s t s i s w e l l 
e s t a b l i s h e d . I n f a c t t h e h i g h a c t i v i t y of c o l l o i d a l 
m e t a l s i n a number of c a t a l y t i c p r o c e s s e s has sometimes 
been a c o m p l i c a t i n g f a c t o r i n the i n v e s t i g a t i o n o f 

0097-6156/90/0437-0160$06.00/0 
© 1990 American Chemical Society 
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homogeneously catalysed r e a c t i o n s , where the presence of 
even a minute f r a c t i o n of the c a t a l y t i c metal i n 
c o l l o i d a l form can be a c t i v e enough to compete with a 
le s s a c t i v e homogeneous c a t a l y s t (1). A recent example 
of t h i s was reported by Lewis et al. (2) i n a c a r e f u l 
a n a l y s i s of the homogeneous h y d r o s i l y l a t i o n of o l e f i n s 
c a t alyzed by (C0D)PtCl2 which revealed that under 
r e a c t i o n conditions c o l l o i d a l platinum was produced, and 
that the c o l l o i d c a t a l y z e d the r e a c t i o n extremely 
e f f i c i e n t l y . 

As part of our continuing i n t e r e s t i n the 
preparation and chemistry of small metal p a r t i c l e s i n 
organic media (3) we have begun to i n v e s t i g a t e the 
surface chemistry of c o l l o i d a l metals i n terms of the 
concepts of molecular c l u s t e r chemistry, such as the 
coord i n a t i o n of ligands to the surface of the c o l l o i d s , 
spectroscopic a n a l y s i s of ligand r e a c t i o n s i n the 
"coordination sphere" of the c o l l o i d s , and the 
development of the surface organometallic chemistry of 
c o l l o i d a l metals. This work was undertaken with a view 
to making comparisons with both heterogeneous supported 
metals and molecular organometallic c l u s t e r s . In t h i s 
paper we report the a p p l i c a t i o n of the two most commonly 
encountered spectroscopic techniques of molecular 
organometallic chemistry (high r e s o l u t i o n l i q u i d phase 
n.m.r. and i n f r a r e d spectroscopy) to the c h a r a c t e r i z a t i o n 
of small molecules adsorbed on c o l l o i d a l palladium and 
platinum i n non-polar solvents. I t seemed p o s s i b l e that 
such adsorbed molecules could be reasonably compared with 
t h e i r counterparts i n molecular c l u s t e r s since the metal 
p a r t i c l e s i z e s i n the c o l l o i d a l systems we have prepared 
approach those found f o r some of the larger molecular 
metal carbonyl c l u s t e r s , f o r example [ P t i 9 ( C O ) 2 2 ] 4 " ( 4 ) 
and [Ni38Pt6(CO)48H] 5" (5) to which high r e s o l u t i o n 
molecular spectroscopy i s r o u t i n e l y a p p l i e d . We have 
chosen to focus on carbon monoxide, the most common 
lig a n d i n organometallic c l u s t e r chemistry, adsorbed onto 
c o l l o i d a l palladium and platinum, and of ethylene on 
c o l l o i d a l palladium. These molecules were s e l e c t e d 
because there i s a considerable body of spectroscopic 
data i n the l i t e r a t u r e r e f l e c t i n g the coordinated s t a t e 
( f o r molecular carbonyls and ethylene complexes) and 
adsorbed state (of ethylene and carbon monoxide on s i n g l e 
c r y s t a l s or supported metals) with which to compare our 
r e s u l t s , and to help guide us i n our assignments. 

METAL COLLOID PREPARATION 

The metal c o l l o i d s o l u t i o n s were prepared by the 
condensation of the metal vapors i n t o methyleyelohexane 
s o l u t i o n s of isobutylaluminoxane at -120eC, a general 
method we have developed f o r the preparation of s t a b l e 
c o l l o i d a l t r a n s i t i o n metals i n non-polar organic solvents 
(3). The aluminoxane, ( iC4H9A10) n, which i s a low 
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m o l e c u l a r w e i g h t o l i g o m e r ( 6 ) , f u l f i l l s t h e t y p i c a l r o l e 
of a polymer s t a b i l i z e r i n c o l l o i d c h e m i s t r y , a s s o c i a t i n g 
w i t h the s u r f a c e of t h e m e t a l p a r t i c l e s and p r e v e n t i n g 
a g g r e g a t i o n . We chose t h i s s t a b i l i z i n g agent w i t h a v i e w 
t o s y n t h e s i z i n g c o l l o i d s w i t h a r e a c t i v e o r g a n o m e t a l l i c 
" c o a t i n g " , t o a l l o w f o r s u b s e q u e n t c h e m i c a l m a n i p u l a t i o n 
of t h e c o l l o i d a l m e t a l i n a manner c o m p a t i b l e w i t h 
a p p l i c a t i o n s i n c a t a l y s i s and t h e s y n t h e s i s of n o v e l 
o x i d e b a s e d m a t e r i a l s ( 7 ) . 

P l a t i n u m v a p o r , ( g e n e r a t e d by e l e c t r o n beam 
e v a p o r a t i o n of the m o l t e n m e t a l a t ca. 2x10"^ t o r r ) , o r 
p a l l a d i u m v a p o r (by e v a p o r a t i o n f r o m a r e s i s t i v e l y h e a t e d 
h e a r t h a t ca.10"" 4 t o r r ) ) was a l l o w e d t o d i s s o l v e i n a 
s o l u t i o n of p o l y ( i s o b u t y l - a l u m i n o x a n e ) , [ 1 C 4 H 9 A 1 0 ] n , 
( p r e p a r e d by p a r t i a l h y d r o l y s i s of 50 mmol 
t r i i s o b u t y l a l u m i n u m ) i n m e t h y l c y c l o h e x a n e (500 mL.) a t -
120°C i n t h e 12 L. f l a s k of a r o t a r y m e t a l v a p o r 
s y n t h e s i s r e a c t o r . I n a t y p i c a l p r e p a r a t i o n under t h e s e 
c o n d i t i o n s ca. 200 mg/h of p l a t i n u m or 1.0 g/h o f 
p a l l a d i u m c o u l d be e v a p o r a t e d i n t o a l i q u i d 
m e t h y l c y c l o h e x a n e s o l u t i o n of t h e a l u m i n o x a n e i n our 
a p p a r a t u s . The deep brown l i q u i d t h u s p r o d u c e d was 
t r a n s f e r r e d u n d e r h e l i u m t o a S c h l e n k tube. Any b u l k 
m e t a l s u s p e n d e d i n t h e l i q u i d p r o d u c t was removed by 
p a s s a g e t h r o u g h a 0.2m t e f l o n f i l t e r and t h e c o l l o i d a l 
m e t a l s o l u t i o n was s t o r e d under h e l i u m . A l l s u b s e q u e n t 
m a n i p u l a t i o n s were p e r f o r m e d u s i n g s t a n d a r d i n e r t 
h a n d l i n g t e c h n i q u e s . 

CHARACTERIZATION of ALUMINOXANE STABILIZED METAL COLLOIDS 

The c o l l o i d a l m e t a l s p r e p a r e d i n t h e manner d e s c r i b e d 
above were c h a r a c t e r i z e d by t r a n s m i s s i o n e l e c t r o n 
m i c r o s c o p y . The s o l u t i o n s , as p r e p a r e d , were d i l u t e d t o 
a c o n c e n t r a t i o n a d e q u a t e t o a l l o w f o r t h e f o r m a t i o n of a 
f i l m o f a l u m i n o x a n e on a sample g r i d of s u f f i c i e n t 
t h i n n e s s f o r a d e q u a t e i m a g i n g of t h e m e t a l p a r t i c l e s . 
The f i l m of a l u m i n o x a n e i s , of c o u r s e , s e n s i t i v e t o 
a t m o s p h e r i c m o i s t u r e , and the sample was h a n d l e d 
a n a e r o b i c a l l y t o the p o i n t of i n s e r t i o n i n t o t h e 
m i c r o s c o p e . The c o l l o i d a l p a r t i c l e s o f p a l l a d i u m a r e 
e x t r e m e l y h i g h l y d i s p e r s e d , c a . 18± 3Â ( 3 ) . A t t e m p t s t o 
image t h e p l a t i n u m p a r t i c l e s by t r a n s m i s s i o n e l e c t r o n 
m i c r o s c o p y on a f i l m c a s t f r o m t h e s o l u t i o n o n t o a c a r b o n 
f i l m f a i l e d t o r e v e a l any r e c o g n i z a b l e m e t a l c l u s t e r s 
u n t i l beam damage had o c c u r e d and t h e p l a t i n u m c l u s t e r s 
had grown t o >8Â i n d i a m e t e r (M. D i s c o and S. B e h a l , 
p e r s o n a l c o m m u n i c a t i o n ) . A l t h o u g h t h i s i s n o t a 
s a t i s f a c t o r y d e t e r m i n a t i o n of t h e d i s p e r s i o n o f t h e 
p l a t i n u m c l u s t e r s as p r e p a r e d , i t s e t s an u p p e r l i m i t of 
8Â f o r t h e p a r t i c l e s i z e , p l a c i n g t h e s e m e t a l p a r t i c l e s 
i n a s i z e r a n g e comparable t o t h a t of some of the l a r g e r 
m o l e c u l a r c a r b o n y l c l u s t e r s , and r a i s i n g t h e p r o s p e c t 
t h a t the d a t a p r o v i d e d by the a p p l i c a t i o n of m o l e c u l a r 
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s p e c t r o s c o p i c t e c h n i q u e s t o m o l e c u l e s a d s o r b e d on the 
c o l l o i d s might be interprétable i n terms o f m o l e c u l a r 
phenomena. 

I t i s not c l e a r j u s t how the a l u m i n o x a n e i s 
a s s o c i a t e d w i t h the m e t a l p a r t i c l e s . T h e r e i s a 
p o s s i b i l i t y t h a t d u r i n g t h e p r e p a r a t i o n of t h e c o l l o i d s , 
t h e i s o b u t y l g r o u p s on t h e o l i g o m e r a r e a t t a c k e d by t h e 
c l u s t e r i n g m e t a l atoms, w i t h t h e f o r m a t i o n of m e t a l 
c a r b o n bonds. T h i s was deemed u n l i k e l y f r o m t h e r e s u l t s 
of d e u t e r o l y s i s o f a c o n c e n t r a t e d p a l l a d i u m c o l l o i d w i t h 
D2SO4 i n D 2 O , i n w h i c h o n l y i s o b u t a n e - d i , t h e p r o d u c t of 
d e u t e r o l y s i s of t h e aluminum-carbon bond, was d e t e c t e d by 
mass s p e c t r o s c o p y . A t t a c k by the d i s s o l v e d m e t a l atoms 
or c l u s t e r s on the i s o b u t y l g r o u p s would p r e s u m a b l y l e a d 
t o C4 f r a g m e n t s w i t h more t h a n one m e t a l - c a r b o n bond, and 
d e u t e r o l y s i s would t h e r e f o r e l e a d t o i s o b u t a n e - d 2 , 3 . . . 
I t i s i n t u i t i v e l y more p r o b a b l e t h a t t h e p o l a r i n o r g a n i c 
backbone of t h e o l i g o m e r i n t e r a c t s i n some f a s h i o n w i t h 
t h e s u r f a c e of t h e m e t a l . T h i s s p e c u l a t i o n i s s u p p o r t e d 
by t h e f a c t t h a t p o l y i s o b u t y l e n e , a p u r e l y p a r a f f i n i c 
p o lymer, i s i n e f f e c t i v e i n s t a b i l i z i n g t h e c o l l o i d s i n 
m e t h y l c y c l o h e x a n e . A l t h o u g h we have not made a t h o r o u g h 
i n v e s t i g a t i o n of t h i s a s p e c t of t h e c h e m i s t r y of t h e 
c o l l o i d p r e p a r a t i o n , we have o b s e r v e d t h a t a minimum 
r a t i o of al u m i n o x a n e (as monomer e q u i v a l e n t s ) t o m e t a l of 
ca. 5 i s n e c e s s a r y t o o b t a i n a s t a b l e s o l u t i o n . G i v e n 
t h i s c o n d i t i o n , t h e c o l l o i d a l m e t a l s o l u t i o n s a r e s t a b l e 
f o r months a t room t e m p e r a t u r e , and can be h e a t e d t o 
moderate t e m p e r a t u r e s w i t h o u t p r e c i p i t a t i o n of b u l k 
m e t a l . 

SPECTROSCOPIC STUDIES o f SMALL MOLECULE ADSORPTION 

INFRARED STUDIES of ADSORBED CARBON MONOXIDE I n s u r f a c e 
c h e m i s t r y , c a r b o n monoxide i n i t s a d s o r b e d s t a t e i s 
p r o b a b l y t h e m o l e c u l e most w i d e l y s t u d i e d by v i b r a t i o n a l 
s p e c t r o s c o p y , and i n i t s c o o r d i n a t e d s t a t e i t h o l d s a 
s i m i l a r p o s i t i o n i n m o l e c u l a r c l u s t e r c h e m i s t r y . I t was 
th u s a n a t u r a l c a n d i d a t e i n our i n v e s t i g a t i o n o f t h e 
s u r f a c e c h e m i s t r y of c o l l o i d a l m e t a l s . C a r b o n monoxide 
was p a s s e d t h r o u g h t h e c o l l o i d s o l u t i o n s f o r s e v e r a l 
m i n u t e s . The r a p i d a d s o r p t i o n o f CO was r e v e a l e d by 
i n f r a r e d s p e c t r o s c o p y a s shown i n F i g u r e 1. No f u r t h e r 
change i n i n t e n s i t y of t h e c a r b o n y l s t r e t c h i n g bands was 
o b s e r v e d a f t e r t h e i n i t i a l s p e c t r u m was r e c o r d e d one 
min u t e a f t e r e x p o s u r e of t h e s o l u t i o n t o CO. The 
i n f r a r e d bands a t 2062 ( s ) and 194l(m) c m ~ l f o r p a l l a d i u m 
( F i g u r e l a ) and 2035(s) f o r p l a t i n u m ( f i g u r e l b ) 
c o r r e s p o n d t o the e x p e c t e d a b s o r p t i o n s f o r l i n e a r and 
b r i d g i n g c a r b o n y l s . The b r o a d p r o f i l e of t h e bands 
r e s e m b l e s t h a t f o u n d f o r CO on m e t a l s u r f a c e s and 
c r y s t a l l i t e s ( 8 ) , and c o n t r a s t s w i t h t h e r e l a t i v e l y s h a r p 
bands c h a r a c t e r i s t i c of m o l e c u l a r c l u s t e r c a r b o n y l s . The 
f r e q u e n c i e s , e s p e c i a l l y t h a t o f the l i n e a r CO, a r e lower 
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2300 2200 2100 2000 1900 1800 1700 
FREQUENCY (cm-1) 

F i g u r e 1. I n f r a r e d a b s o r p t i o n s of c a r b o n monoxide on 
(a) c o l l o i d a l p a l l a d i u m (18Â) and ( b ) c o l l o i d a l 
p l a t i n u m ( < 1 0 Â ) . 1 wt% s o l u t i o n s i n m e t h y l c y c l o 
hexane, s t a b i l i z e d w i t h i s o b u t y l a l u m i n o x a n e ( s e e t e x t ) 
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t h a n t h e r a n g e o f t e n r e p o r t e d f o r CO on t h e r e s p e c t i v e 
m e t a l s , but i t i s n o t p o s s i b l e t o draw any p r e c i s e 
c o n c l u s i o n s on t h e n a t u r e of t h e c a r b o n y l a t e d c o l l o i d a l 
m e t a l p a r t i c l e s f r o m s i m p l e c o m p a r i s o n s w i t h t h e i n f r a r e d 
s p e c t r u m of CO on p l a t i n u m o r p a l l a d i u m s i n c e t h e 
s t r e t c h i n g f r e q u e n c y f o r s u r f a c e a d s o r b e d CO i s m a r k e d l y 
a f f e c t e d by c o v e r a g e , p a r t i c l e s i z e and t h e p r e s e n c e o f 
i m p u r i t i e s . T h e r e a r e few o t h e r examples of CO s t r e t c h i n g 
f r e q u e n c i e s f o r c a r b o n monoxide on c o l l o i d a l m e t a l s 
a v a i l a b l e f o r c o m p a r i s o n . Lewis has r e p o r t e d (2) 
f r e q u e n c i e s of 2050cm~land 1 8 8 0 c n r l f o r CO on c o l l o i d a l 
p l a t i n u m ( s i z e r a n g e 6-60Â, mean 23Â) i n m e t h y l e n e 
c h l o r i d e . The i n f r a r e d a b s o r p t i o n of c a r b o n monoxide on 
aqueous c o l l o i d a l p l a t i n u m was a l s o r e c e n t l y r e p o r t e d 
(9). 

The l i n e a r CO s t r e t c h i n g f r e q u e n c y f o r t h e 
c a r b o n y l a t e d p l a t i n u m c o l l o i d , w h i l e lower t h a n t h a t 
f o u n d f o r s u r f a c e bound CO, i s i n t h e r a n g e r e p o r t e d f o r 
t h e p l a t i n u m c a r b o n y l c l u s t e r s [ P t 3 ( C O ) 6 ] n ^ ~ / a n d w e f i n d 
t h a t t h e c a r b o n y l a t e d c o l l o i d i s e a s i l y t r a n s f o r m e d i n t o 
t h e m o l e c u l a r c l u s t e r [ P t 1 2 ( C O ) 2 4 ] 2 ~ (10) by r e a c t i o n 
w i t h w a t e r. The c l u s t e r was i s o l a t e d i n ~ 50% y i e l d b a s e d 
on p l a t i n u m c o n t e n t of t h e p r e c i p i t a t e by e x t r a c t i o n w i t h 
t e t r a e t h y l a m m o n i u m bromide i n m e t h a n o l f r o m t h e aluminum 
h y d r o x i d e p r e c i p i t a t e d when water i s added t o t h e 
al u m i n o x a n e s o l u t i o n . The i s o l a t i o n o f t h e p l a t i n u m 
c a r b o n y l c l u s t e r r e v e a l s n o t h i n g about t h e s i z e o r 
s t r u c t u r e o f the c o l l o i d a l p l a t i n u m p a r t i c l e s , but m e r e l y 
emphasizes t h e h i g h r e a c t i v i t y of m e t a l s i n t h i s h i g h l y 
d i s p e r s e d s t a t e . The c l u s t e r i s o l a t e d i s p r e s u m a b l y more 
a r e f l e c t i o n of the s t a b i l i t y of t h e [ P t 3 ( C O ) 6 ] n 2 " f a m i l y 
of c l u s t e r s t h a n a c l u e t o the n u c l e a r i t y of t h e 
c o l l o i d a l m e t a l p a r t i c l e s - i n a s i m i l a r s e r i e s of 
e x p e r i m e n t s w i t h c o l l o i d a l c o b a l t w i t h a mean p a r t i c l e 
s i z e o f 20Â c a r b o n y l a t i o n r e s u l t s i n the d i r e c t f o r m a t i o n 
of Co2(CO)8-

NMR STUDIES of ADSORBED CARBON MONOXIDE. I n t h e n.m.r. 
i n v e s t i g a t i o n of m o l e c u l e s a d s o r b e d on s o l i d s u p p o r t e d 
m e t a l s , s u c h a s p a l l a d i u m on s i l i c a o r p l a t i n u m on 
a l u m i n a , b o t h t h e c h e m i c a l s h i f t and l i n e w i d t h of t h e 
o b s e r v e d n u c l e u s i n t h e a d s o r b a t e a r e d r a s t i c a l l y 
a f f e c t e d by t h e p h y s i c a l p r o p e r t i e s of t h e sample. The 
c h e m i c a l s h i f t a n i s o t r o p y of a 1 3 C n u c l e u s i n a m o l e c u l e 
s u c h as CO a d s o r b e d on a s u p p o r t e d m e t a l p a r t i c l e i n a 
s o l i d sample r e s u l t s i n a b r o a d e n i n g of i t s r e s o n a n c e o f 
as much as s e v e r a l h u n d r e d ppm ( 1 1 ) . The s h i f t i s a l s o 
s u s c e p t i b l e t o t h e e f f e c t of the m e t a l l i c p r o p e r t i e s of 
the m e t a l p a r t i c l e , and K n i g h t s h i f t s of s e v e r a l h u n d r e d 
ppm have been r e p o r t e d . The s m a l l s i z e of t h e m e t a l 
c l u s t e r s i n t h e a l u m i n o x a n e s t a b i l i z e d c o l l o i d s r a i s e d 
t h e p r o s p e c t t h a t the a d s o r b e d CO might be ammenable t o 
1 3 C n.m.r. i n s o l u t i o n , where t u m b l i n g of t h e c o l l o i d 
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p a r t i c l e s m ight be s u f f i c i e n t t o a v e r a g e t h e c h e m i c a l 
s h i f t a n i s o t r o p y . 

A l l o u r 1 3 C n.m.r. e x p e r i m e n t s were p e r f o r m e d on a 
c o m m e r c i a l i n s t r u m e n t ( B r u k e r MSL-300) o p e r a t i n g a t 
75.47MHz. The pro b e was a s t a n d a r d B r u k e r 10mm h i g h 
r e s o l u t i o n l i q u i d s p r o b e e q u i p p e d f o r p r o t o n d e c o u p l i n g . 
A l l c h e m i c a l s h i f t s a r e r e f e r e n c e d t o TMS, and the 26.7 
ppm r e s o n a n c e of t h e m e t h y l c y c l o h e x a n e s o l v e n t was u s e d 
as an i n t e r n a l s e c o n d a r y r e f e r e n c e . 

Samples of a p a l l a d i u m c o l l o i d were p r e p a r e d by 
c o n c e n t r a t i n g t h e o r i g i n a l o r g a n o s o l s t o ~ l - 2 % m e t a l 
c o n c e n t r a t i o n (a f a c t o r of 5-10), f i l t e r i n g as b e f o r e , 
and e x p o s i n g the c o n c e n t r a t e d s o l u t i o n t o 99% 1 3 C O a t l a t . 
f o r s e v e r a l m i n u t e s . From t h e i n f r a r e d sudy i t was c l e a r 
t h a t a f t e r t h i s t i m e t h e c o l l o i d s u r f a c e was s a t u r a t e d 
w i t h CO. 1 3 C n.m.r. s p e c t r a of CO on c o l l o i d a l p a l l a d i u m 
a t room t e m p e r a t u r e show a b r o a d (wi/ 2=19 ppm) 
i n h o m o g e n e o u s l y b r o a d e n e d l i n e (T2 = 12 ms ) c e n t e r e d a t 
190 ppm ( F i g u r e 2b) . T h i s l i n e s h a p e i s e s s e n t i a l l y 
u nchanged a t 333°K ( f i g u r e 2 a ) ; however c o o l i n g t h e 
sample t o 220°K r e s u l t s i n a b r o a d e n e d l i n e w i t h a 
s h o u l d e r t o lower f i e l d ( F i g u r e 2 c ) . A s a t u r a t e d s o l u t i o n 
of 1 3 C 0 i n m e t h y l c y c l o h e x a n e c o n t a i n i n g 
p o l y ( i s o b u t y l a l u m i n o x a n e ) shows a low i n t e n s i t y s h a r p 
s i n g l e t a t 184 ppm due t o t h e s a t u r a t i o n c o n c e n t r a t i o n 
CO, w h i c h i s a b s e n t i n t h e p a l l a d i u m c o n t a i n i n g sample. 
1 3C nmr s p e c t r a of CO a d s o r b e d on p l a t i n u m c o l l o i d s gave 
s i m i l a r r e s u l t s , a l t h o u g h t h e l i n e w i d t h i s about 50ppm. 
No v a r i a b l e t e m p e r a t u r e e x p e r i m e n t s have y e t been 
p e r f o r m e d on t h e p l a t i n u m sample, and any e x p l a n a t i o n o f 
the l i n e w i d t h i n t h i s s y s t e m would be p r e m a t u r e . 

The r e s o n a n c e a t 190 ppm f o r CO on c o l l o i d a l 
p a l l a d i u m i s w i t h i n t h e r a n g e r e p o r t e d b o t h f o r t e r m i n a l 
c a r b o n y l s i n t r a n s i t i o n m e t a l c l u s t e r c a r b o n y l s (12,13) 
and f o r CO a d s o r b e d on s u p p o r t e d r h o d i u m and r u t h e n i u m 
(14-16 and Thayer, A. M. and Duncan, T. M. , J . Phys. 
Chem., i n p r e s s ) . The room t e m p e r a t u r e l i n e s h a p e i n o u r 
s y s t e m e x t e n d s t o ~ 230 ppm, and b r i d g i n g c a r b o n y l s i n 
s u p p o r t e d m e t a l s and c a r b o n y l c l u s t e r s t y p i c a l l y have 
c h e m i c a l s h i f t s t o low f i e l d of t e r m i n a l c a r b o n y l 
r e s o n a n c e s . As n o t e d above, c o o l i n g t h e sample r e s u l t s 
i n t h e a p p e a r a n c e of a low f i e l d s h o u l d e r , and we 
c o n c l u d e t h a t t h e s p e c t r u m r e f l e c t s t h e p r e s e n c e b o t h 
t y p e s of c a r b o n y l s , c o n s i s t e n t w i t h t h e i n f r a r e d 
s p e c t r u m , F i g u r e l a . N e i t h e r t h e o b s e r v e d l i n e s h a p e s n o r 
room t e m p e r a t u r e r e l a x a t i o n measurements a l l o w an 
unambiguous a s s i g n m e n t of t h e r e l a t i v e p o p u l a t i o n s i n 
t e r m i n a l and b r i d g e s i t e s , and i t i s p r o b a b l e t h a t i n the 
inhomogeneous s u r f a c e e n v i r o n m e n t p r o v i d e d by t h e . p o l y m e r 
s t a b i l i z e d c o l l o i d p a r t i c l e s t h e t e r m i n a l and b r i d g i n g 
c a r b o n y l s have o v e r l a p p i n g c h e m i c a l s h i f t s . We n o t e t h a t 
t h e r e s o n a n c e i s q u i t e f a r f r o m t h e i s o t r o p i c t e r m i n a l 
c a r b o n y l s h i f t s o b t a i n e d by s o l i d s t a t e n.m.r. f o r CO on 
p a l l a d i u m / η-alumina (675 ppm) (15) or p a l l a d i u m / γ -
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300 250 200 150 100 

ppm 
F i g u r e 2. 1 3 C n.m.r. (70 MHz) o f 1 3 C 0 on c o l l o i d a l 
p a l l a d i u m , a t (a)333°K, (b) 293°K, (c) 222°K. l W t * 
m e t a l i n m e t h y l c y c l o h e x a n e , s t a b i l i z e d w i t h i s o b u t y l -
a l u m i n o x a n e ( s e e t e x t ) . 
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alumina (750 ppm) (Zilm, K. W. , Bonneviot, L. , Simonsen, 
D. M., Webb, G. G. and H a l l e r , G.L., personal 
communication) . The metal p a r t i c l e s i n those studies, 
however, were larger and presumably more m e t a l l i c than 
those studied here, and the large s h i f t s have been 
a t t r i b u t e d to a Knight s h i f t i n t e r a c t i o n with the 
conduction electrons of the metal p a r t i c l e s . 

The r e l a t i v e l y large linewidth of the CO resonances 
could be a t t r i b u t e d to e i t h e r (or both) of two f a c t o r s -
(a) a d i s t r i b u t i o n of both l i n e a r and b r i d g i n g s i t e s on 
the surface of the c o l l o i d p a r t i c l e s , and (b) incomplete 
averaging of the CO chemical s h i f t tensor by the non-
i s o t r o p i c tumbling of the c o l l o i d p a r t i c l e s . We f e e l 
that (a) i s the most p l a u s i b l e , and r u l e out (b) on the 
basis of the f o l l o w i n g observations. Suppose tumbling 
about one molecular frame axis i s much slower than about 
the others, leading to a r e s i d u a l s h i f t tensor with 
appreciable anisotropy. In a time equal to the 
c o r r e l a t i o n time τ f o r r e o r i e n t a t i o n about t h i s axis, the 
resonance should sweep out a l l values c h a r a c t e r i z i n g the 
r e s i d u a l tensor. Experimentally we have found that a 
hole ( i . e . a sharp s a t u r a t i o n pulse) burned i n the CO 
resonance (Duncan, Τ. Μ. , Root, T. W. and Thayer, A. 
M.,Phys, Rev. L e t t . , i n press.) does not broaden with 
time and recovers with T i (Ti(298°K) = 160ms). For (b) 
to be operative would require τ =160 ms which seems 
unreasonably long i n a non-viscous l i q u i d . D e t a i l s of 
these and other NMR experiments w i l l be published 
s e p a r a t e l y . 

N.M.R. STUDIES of ADSORBED ETHYLENE We have a l s o 
i n v e s t i g a t e d the r e a c t i o n of 1 3 C ethylene with c o l l o i d a l 
palladium. Our i n i t i a l i n t e n t was to attempt to observe 
the formation of ethylidyne from ethylene on the surface 
of the c o l l o i d a l palladium p a r t i c l e s , a r e a c t i o n which i s 
known to occur r e a d i l y on the surface of supported 
palladium and on palladium s i n g l e c r y s t a l s (17). Such a 
r e a c t i o n has been i d e n t i f i e d for ethylene on supported 
platinum by magnetic resonance experiments i n which s p i n 
echo double resonance techniques were used to 
c h a r a c t e r i z e the organic species (18,19), but d i r e c t 
observation of resonances f o r adsorbed ethylene or 
ethylidyne was not p o s s i b l e i n the h i g h l y inhomogeneous 
s o l i d samples used. The l^C chemical s h i f t d i f f e r e n c e s 
which would r e s u l t from the transformation of ethylene 
=CH2 groups to ethylidyne C - C H 3 and C - Œ 3 groups would 
make the presence of ethylidyne r e a d i l y detectable i n our 
l i q u i d phase system, even given the broad l i n e s we assume 
w i l l be t y p i c a l for c o l l o i d adsorbed small molecules 
based on our observations i n the case of carbon monoxide 
described above. 

The c o l l o i d s o lutions used f o r t h i s part of the 
study were e s s e n t i a l l y the same as those used i n the CO 
adsorption study. A methylcyclohexane s o l u t i o n of 
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c o l l o i d a l palladium (18Â±3Â) was prepared as above and 
concentrated to 1-2% metal. The s o l u t i o n , as before, 
contained about 5:1 aluminoxane (monomer equivalents) to 
palladium. The sample was exposed to 100% 1 3C2H4 and 
sealed i n a standard 10 mm tube under ca. 1 atm. of the 
enriched ethylene, n.m.r. spectra were obtained as 
above. 

The 1 30{4ΐ} resonance of d i s s o l v e d 1 3C2~ethylene i n 
methylcyclohexane containing polyisobutylaluminoxane i s a 
t y p i c a l l y sharp s i n g l e t at 123ppm, with a Τχ of 5.4sec. 
In the presence of c o l l o i d a l palladium, the s i n g l e t i s 
broadened (wi/2= ca. 100Hz) and has a Τχ of 0 . 7sec. 
R e c a l l i n g the shortened r e l a x a t i o n time of adsorbed CO on 
c o l l o i d a l palladium (see above), we i n t e r p r e t t h i s as due 
to exchange between the slowly r e l a x i n g f r e e ethylene and 
a more r a p i d l y r e l a x i n g adsorbed form. 

A resonance f o r adsorbed ethylene was not observed. 
At t h i s stage we may only speculate on the reasons f o r 
t h i s , and two obvious fa c t o r s come immediately to mind. 
I f , as we propose from the observation of i t s short Ί±, 
the fr e e ethylene i s exchanging with the adsorbed form, 
the resonance f o r the adsorbed ethylene w i l l be expected 
to be broadened by t h i s exchange process. Although we 
cannot say at t h i s time what are the r e l a t i v e proportions 
of f r e e and coordinated ethylene i n the sample, there i s 
undoubtedly a considerable excess of free ethylene, and 
thus the adsorbed ethylene resonance w i l l be exchange 
broadened to a degree p r o p o r t i o n a t e l y la r g e r than the 
fre e ethylene. The e f f e c t of coordination to a c o l l o i d a l 
metal p a r t i c l e i n these systems i s al s o apparently to 
broaden the resonance of the adsorbed molecule, as seen 
i n the case of adsorbed CO described above, and t h i s 
broadening would be expected to be dependent on the s i z e 
of the metal p a r t i c l e (which determines i t s e l e c t r o n i c 
p r o p e r t i e s ) . It should be remembered that the c o l l o i d 
p a r t i c l e s i z e d i s t r i b u t i o n i n our various sample 
preparations are not a l l i d e n t i c a l , as would be the case 
i n a s o l u t i o n of a molecular c l u s t e r , and so some 
i r r e p r o d u c i b i l i t y , f o r example i n p a r t i c l e s i z e 
d i s t r i b u t i o n i s unavoidable. This v a r i a t i o n occurs i n a 
c r u c i a l range when one r e c a l l s that the t r a n s i t i o n from 
molecular to m e t a l l i c properties would be occuring i n the 
20±5Â range, and t h i s could have severe e f f e c t s on the 
n.m.r. experiment. For example i n some cases the 1 3C we 
have observed that the resonance of adsorbed CO i s 
severely broadened, i n others i t i s r e l a t i v e l y sharp. In 
the case of the ethylene experiments, we have obtained, 
although in f r e q u e n t l y , c o l l o i d s which do enable us to 
derive more d e t a i l e d information, i n c l u d i n g the 
observation of a resonance at 119.0 ppm, which we 
t e n t a t i v e l y asssign to adsorbed ethylene, and a 
measurement of i t s T i of .034 sec. The c o n t r o l l e d 
preparation of such c o l l o i d s o l u t i o n s i s under 
i n v e s t i g a t i o n . 
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CONCLUSIONS 

C o l l o i d a l m e t a l p a r t i c l e s i n n o n - p o l a r s o l v e n t s a r e a n 
i n s t r u c t i v e model s y s t e m f o r i n v e s t i g a t i n g t h e a d s o r b e d 
s t a t e of s m a l l m o l e c u l e s . Whereas i n h e t e r o g e n e o u s 
s u p p o r t e d m e t a l systems t h e e x a c t m o l e c u l a r c o n s t i t u t i o n 
of t h e a d s o r b a t e i s o f t e n a m a t t e r of c o n j e c t u r e o r 
c o n t r o v e r s y , owing t o t h e i n h o m o g e n e i t y of t h e s u p p o r t 
and of t h e m e t a l p a r t i c l e s , t he u s e of a l i q u i d medium t o 
s t u d y s u r f a c e c h e m i s t r y i n t r o d u c e s s u f f i c i e n t h o m o g e n e i t y 
i n t o t h e s y s t e m t h a t m o l e c u l a r s p e c t r o s c o p i c t e c h n i q u e s 
can be u s e d t o ad v a n t a g e t o d i a g n o s e t h e m o l e c u l a r 
i d e n t i t y of a d s o r b e d m o l e c u l e s . These a d v a n t a g e s a r e of 
c o u r s e f o u n d o s t e n s i b l y t o an even g r e a t e r e x t e n t i n t h e 
us e of m o l e c u l a r c l u s t e r s t o model h e t e r o g e n e o u s s u r f a c e 
c h e m i s t r y , but as has so o f t e n been o b s e r v e d , an i n e r t 
m o l e c u l a r c l u s t e r makes a poor model f o r a h i g h l y 
r e a c t i v e c a t a l y s t p a r t i c l e . The c o l l o i d a l m e t a l 
p a r t i c l e s u s e d i n t h i s s t u d y a r e , of c o u r s e , a c t i v e 
c a t a l y s t s , and as such can be s e e n as a b r i d g e between 
h e t e r o g e n e o u s c a t a l y s i s and i t s homogeneous c o u n t e r p a r t . 
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Chapter 17 

Effect of Cluster Size on Chemical 
and Electronic Properties 

D. M. Cox, A. Kaldor, P. Fayet1, W. Eberhardt, R. Brickman, 
R. Sherwood, Z. Fu, and D. Sondericher 

Exxon Research and Engineering Company, Route 22 East, Clinton 
Township, Annandale, NJ 08801 

Dependent on the exact number of metal atoms in a 
transi t ion metal c luster , small clusters (n<30) are 
shown to exhibit pronounced variation in their 
chemical and electronic properties. For instance, 
under k ine t i ca l ly controlled conditions orders of 
magnitude change in the rate constant for 
dissociat ive chemisorption of di-hydrogen and alkanes 
is found even though the cluster size changes by only 
a few atoms. Interestingly, the largest variat ion of 
a key electronic property, the IP, also occurs over 
this same size range leading us to propose a simple 
model based upon part ia l charge transfer which 
qual i tat ive ly explains the general trends. At the 
other extreme at near saturation uptake, we find that 
small transi t ion metal clusters are "hydrogen r ich" 
and can bond an abnormally large number of hydrogen 
(deuterium) atoms per metal atom in the c luster (D/M 
as high as 8 for Rhn

+, 5 for Ptn

+ and Nin

+ and 3 for 
Pdn) and that the smaller the cluster the greater the 
D/M r a t i o . It now appears that (H(D)/M)max greater 
than one is more the rule rather than the exception 
for small transit ion metal c lusters , an effect which 
has important implications in chemical and cata ly t i c 
processes involving hydrogen. Last ly , we wi l l 
describe the results of the f i r s t measurements 
probing the evolution of core and valence band 
electronic structure as a function of c luster size 
for mass selected, monodispersed, platinum clusters . 

1Current address: Ecole Polytechnique Federate Delausanne, Lausannne, Switzerland 

0097-6156/90A)437-0172$06.00A) 
© 1990 American Chemical Society 
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17. COX ET AL Effect of Cluster Size on Properties 173 

What are t r a n s i t i o n metal c l u s t e r s and why are they interesting? For example what are the properties of a 5-atom platinum c l u s t e r ? Is i t s i m i l a r to bulk platinum or does i t behave more l i k e the atom? What we are discovering i s that below a c e r t a i n s i z e each small η-atom c l u s t e r has unique chemical and e l e c t r o n i c properties, i t behaves neither l i k e the atom, the bulk, nor even l i k e other c l u s t e r s of the same metal. Thus there are opportunities to e x p l o i t t h e i r novel properties by making i t possible to create new materials with potential applications in such diverse areas as s o l i d state physics, e l e c t r o n i c s , chemistry and c a t a l y s i s . In t h i s paper we w i l l be dealing e i t h e r with "naked" gas phase metal c l u s t e r s , i . e . metal c l u s t e r s which contain no ligands other than the one(s) which may be attached during our experiments, or with deposits of "naked" c l u s t e r s on some support material such as s i l i c a , carbon or alumina. Thus the t y p i c a l c l u s t e r i s c o o r d i n a t i v e l y highly unsaturated, and as such might be expected to very r e a c t i v e . In many instances t h i s i s indeed the case, but s u r p r i s i n g l y , depending on the p a r t i c u l a r metal and reaction, c e r t a i n s i z e "naked" c l u s t e r s are a c t u a l l y highly unreactive! For example, the 10, 12 and one isomer of the 19 atom niobium c l u s t e r cations N b i o + , Nbi2 + and Nbig+ are found to be several orders of magnitude less reactive towards di-hydrogen than other niobium c l u s t e r cations, even those d i f f e r i n g by only one more or one l e s s niobium atom.(l) S i m i l a r l y Fee 1 s more than an order of magnitude les s reactive towards di-hydrogen than FeiQ.(2.3) In both instances di-hydrogen r e a d i l y undergoes d i s s o c i a t i v e chemisorption onto the bulk metal surface. Several d i f f e r e n t examples showing strong s i z e s e l e c t i v e chemical behavior of small c l u s t e r s w i l l be presented and discussed in t h i s paper. The main point to remember i s that f o r a given chemical reaction even a small change in c l u s t e r s i z e , e.g. by only a single metal atom, can r e s u l t in dramatic v a r i a t i o n s in r e a c t i v i t y . 
In addition to being coordinatively highly unsaturated, small c l u s t e r s also are dominated by t h e i r surface properties. For example, a 19 atom c l u s t e r may have at most one or two i n t e r i o r atoms. Even a 100 atom c l u s t e r has only about 28 i n t e r i o r (bulklike?) atoms. Thus the surface s e n s i t i v e properties become increas i n g l y important as the s i z e becomes smaller. Clusters do not possess the long range p e r i o d i c i t y one would have with a bulk c r y s t a l . Thus we expect that each small c l u s t e r w i l l be a unique e n t i t y , and that i t s ground state structure (or structures i f d i f f e r e n t isomorphic structures are nearly isoenergetic) w i l l depend s e n s i t i v e l y on s i z e and l i k e l y w i l l not be simply a subunit of the bulk l a t t i c e . 
S i m i l a r l y the e l e c t r o n i c properties of small c l u s t e r s are observed to r a p i d l y change as a function of c l u s t e r s i z e in an as yet unpredictable, non-monotonic fashion.(4-7) In general terms t h i s may not be unexpected. The atom possesses a sparse set of e l e c t r o n i c states whereas the density of states f o r a bulk metal i s quite high. S i m i l a r l y f o r the bulk material the i o n i z a t i o n p o t e n t i a l , IP, i s equal to the electron a f f i n i t y , EA. This does 
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174 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

not hold f o r a metal c l u s t e r where generally the IP>EA. Also the c l u s t e r IPs (EAs) are s i g n i f i c a n t l y g r e ater(less) than the bulk work function. As w i l l be discussed below, recent experiments probing the e l e c t r o n i c structure of mercury (8) and platinum c l u s t e r s ( 9 ) show that the small (n<20-40) c l u s t e r s behave more l i k e non-metals than l i k e metals. The next section w i l l describe the experimental techniques we use to synthesize and study c l u s t e r s and present t y p i c a l data. The following section w i l l discuss the c l u s t e r s i z e s e n s i t i v e behavior observed in k i n e t i c studies of H-H and C-H bond a c t i v a t i o n reactions as well as the s i z e s e n s i t i v e behavior of hydrogen uptake, and discusses the potential implications of these experiments in c a t a l y s i s and chemisorption. The l a s t section gives the h i g h l i g h t s of recent studies of the e l e c t r o n i c properties of mass selected, monodispersed, platinum c l u s t e r s containing up to 6 Pt atoms supported on S1O2. 

Experimental Techniques 
Gas Phase Clusters. The experimental techniques used to generate, react and detect t r a n s i t i o n metal c l u s t e r s w i l l only be b r i e f l y described here since most d e t a i l s are a v a i l a b l e from previous p u b l i c a t i o n s . (10-12) Figure 1 shows the schematic layout of the experimental apparatus. The c l u s t e r s are synthesized by using the combination of l a s e r vaporization and gas aggregation. B r i e f l y , focussing an intense l a s e r onto the surface of a metal rod vaporizes metal from the surface. This vaporized plume of atoms, ions and electrons i s entrained in a r e l a t i v e l y high pressure of helium gas which i s passing over the rod at the instant of vaporization. The helium both serves as a heat r e s e r v o i r which removes the heat of condensation a r i s i n g from the c l u s t e r formation and serves to d i r e c t the flow into a f a s t flow reactor into which a reagent may be i n j e c t e d . The geometry i s such that the c l u s t e r growth i s terminated p r i o r to the c l u s t e r s entering the f a s t flow reactor and the c l u s t e r s have been cooled to near room temperature (the temperature of the helium c a r r i e r gas). The seeded gas expands into vacuum upon e x i t i n g the reactor. Under most operating conditions t h i s l a t t e r expansion e f f e c t i v e l y freezes the c l u s t e r d i s t r i b u t i o n which contains neutral c l u s t e r s and cluster-adducts, and well as c a t i o n i c and anionic c l u s t e r s and c l u s t e r ion-adducts. The beam of neutral c l u s t e r s and cluster-adducts are then detected and analyzed using UV photoionization followed by t i m e - o f - f l i g h t mass spectrometry, and the i o n i c species are detected using pulsed extraction followed by t i m e - o f - f l i g h t mass an a l y s i s . Pulsed l a s e r vaporization of s o l i d substrates i s a general technique which allows us to generate and study even the most r e f r a c t o r y metals, i . e . we are no longer r e s t r i c t e d to r e f r a c t o r y ovens using low melting point metals. 

A v a r i e t y of d i f f e r e n t experiments can now be c a r r i e d out which probe the properties of the gas phase c l u s t e r s . One of the f i r s t i nvestigations centered upon how an e l e c t r o n i c property, the c l u s t e r i o n i z a t i o n threshold, varied as a function of the number of 
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17. COX ET AL Effect of Cluster Size on Properties 175 

Figure 1. A schematic diagram of the pulsed cluster beam 
apparatus. 
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metal atoms in the c l u s t e r . Ionization threshold energies, obtained by measurements of ion y i e l d s as a function of i o n i z i n g l a s e r photon energy, have been c a r r i e d out in our laboratory f o r ir o n , vanadium and niobium c l u s t e r s and are reported in a s e r i e s of papers.(4-7) S i m i l a r l y by allowing the neutral c l u s t e r s to pass through a inhomogeneous magnetic f i e l d (Stern-Gerlach experiment) we have measured how magnetic properties of iron and aluminum c l u s t e r s vary with size.(13-14) Other experimental probes such as photodetachment and photoelectron spectroscopy have been applied by others to further probe the e l e c t r o n i c structure of metal clusters.(15-17) In addition, both photo- and c o l l i s i o n a l - d i s s o c i a t i o n spectroscopy now allows one to obtain the binding energies and a c t i v a t i o n b a r r i e r s f o r metal atoms and adducts.(18^20) Much of our e f f o r t involves studies of the chemical behavior of c l u s t e r s not only as a function of s i z e , but also as a function of metal type, charge state (neutral, c a t i o n i c or an i o n i c ) , and reagent molecule. There are two d i f f e r e n t operating conditions f o r which we probe the chemisorption of molecules onto c l u s t e r s as a function of c l u s t e r s i z e . The f i r s t i s such that the rate of reaction i s k i n e t i c a l l y c o n t r o l l e d . Here we obtain information about the rate at which the f i r s t reagent molecule chemisorbs onto the otherwise bare c l u s t e r . In the second case, chemisorption studies are c a r r i e d out under near steady-state conditions. In th i s instance we attempt to determine how many molecules a pa r t i c u l a r s i z e c l u s t e r can bind, i . e . the degree of saturation. The r e l a t i v e concentration of reagent molecules injected into the reactor i s the c o n t r o l l i n g f a c t o r . As w i l l become c l e a r l a t e r c l u s t e r k i n e t i c s shows the strongest s i z e s e n s i t i v e behavior. The chemisorption studies are performed as follows: F i r s t the c l u s t e r s are formed as discussed e a r l i e r and then the cluster/helium pulse enters the reactor. In the reactor we e i t h e r i n j e c t a pure helium pulse or a reagent/helium pulse at the same t o t a l pressure but containing a small concentration of some reagent molecule. The helium only pulse allows us to measure the physical e f f e c t s of the i n j e c t i o n (mixing, s c a t t e r i n g , etc.) and serves to set the reference signal l e v e l s . The second pulse containing the reagent/helium mix then allows the e f f e c t of the reagent on the c l u s t e r d i s t r i b u t i o n to be probed. Evidence that a reaction has occurred i s indicated by (a) loss of bare c l u s t e r ion signal and (b) appearance of new mass peaks MnR in the mass spectrum, where Mn i s a metal c l u s t e r of η metal atoms and R i s the reagent molecule. 
Figure 2 shows the e f f e c t of increasing di-deuterium concentration upon the iron c l u s t e r mass spectrum. The reaction applicable to the loss of the bare c l u s t e r spectrum i s 

Fe n + D2 --> Fe nD2 (1) 
Note that the although we expressed the product formed as Fe nD2, the experiments are c a r r i e d out at or s l i g h t l y above room temperature 295K, and a l l i n d i c a t i o n s are that only d i s s o c i a t i v e l y chemisorbed hydrogen i s present. 
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Now l e t us examine Feio more c l o s e l y . Note that as the hydrogen concentration i s increased the bare Feio ion signal begins to decrease and i s almost e n t i r e l y depleted at the highest concentration. Fee o n the other hand shows l i t t l e evidence of depletion, and other c l u s t e r s show varying l e v e l s of r e a c t i v i t y towards D2. This i s but one instance of strong s i z e s e l e c t i v e behavior observed f o r t r a n s i t i o n metal c l u s t e r s . Next we note that f o r Feio at the highest concentration a new product peak FeioDio i s detected. The Feio c l u s t e r saturates at t h i s l e v e l of deuterium (hydrogen) uptake and does not chemisorb additional deuterium. 
As shown elsewheref21-22). the natural logarithm of the r a t i o of the bare c l u s t e r ion signals I / I 0 i s then a measure of the r e l a t i v e rate constant f o r reaction of the c l u s t e r with reagent R (hydrogen in t h i s instance), where I i s the bare c l u s t e r ion signal with reagent added and I 0 i s the bare c l u s t e r ion signal with helium only added. From data such as that shown in Figure 2, the r e l a t i v e rate constants f o r the reaction of metal c l u s t e r s with a reagent are c a l c u l a t e d . Such data f o r the iron c l u s t e r r e a c t i v i t y towards di-hydrogen i s plotted in Figure 4, and that f o r the reaction of methane with platinum and palladium c l u s t e r s i s shown in f i g u r e 5. 

Deposition of Monosized Clusters. In order to study the properties of deposited monosized c l u s t e r s we have the c a p a b i l i t y to generate nanoamps (nA) of mass selected metal c l u s t e r ions. The experimental apparatus i s shown schematically in f i g u r e 3.(23) The metal c l u s t e r ions are produced by sputtering of a metal substrate with high energy rare gas (Ar+, Kr+ or Xe+) ions. The c l u s t e r ions are energy and mass selected and then directed onto an appropriate substrate. Typical operating conditions are as follows: Xe+ at 25KeV, 5ma; c l u s t e r beam s i z e 0.25 cm2; c l u s t e r beam currents several nA down to a few tenths of nA depending on the c l u s t e r s i z e ; surface coverage by c l u s t e r s i s t y p i c a l l y l i m i t e d to l e s s than 15% area coverage, i . e . c l u s t e r f l u x on surface i s between 5x1013 and 1x10*4 c n r 2 ; substrates are kept at room temperature; and vacuum during deposition i s maintained at about 10-6 t o r r . The advantage of t h i s technique i s that continuous beams are produced but one major disadvantage i s that the i n t e n s i t y of l a r g e r c l u s t e r ions drops o f f r a p i d l y . So although the sputtering techinque i s general (most s o l i d substrates can be sputtered), i t i s d i f f i c u l t to obtain s u f f i c i e n t i n t e n s i t y to make sample deposits of l a r g e r (n>10) c l u s t e r s in a reasonable (say 2 hours) time. We have studied the mass selected deposited c l u s t e r s using a v a r i e t y of techniques including scanning transmission electron microscopy, scanning t u n n e l l i n g microscopy, and UV photoemission. Some of t h i s work w i l l be described i n the l a s t section. 
Studies of Gas Phase Clusters 
H-H Bond A c t i v a t i o n . The r e a c t i v i t y of iron c l u s t e r s toward di-hydrogen i s shown in f i g u r e 4. Also plotted in f i g u r e 4 are electron binding energies (IPs) of iron c l u s t e r s . Note that the 
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Cluster Size • 

Figure 2. Time-of-flight mass spectra of iron c l u s t e r s as a function of increasing deuterium p a r t i a l pressure in the reactor The upper panel shows the reference mass spectrum obtained when helium only i s pulsed into the reactor. The lower curves show the e f f e c t of increasing deuterium pressure. 
(Reprinted with permission from Ref. 2. Copyright 1985 American Institute of Physics.) 

ο 

Figure 3 . A schematic of the apparatus used to produce mass selected c l u s t e r s . 
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r e a c t i v i t y i s plotted on a log scale and the electron binding energies on a l i n e a r scale. Thus we see that the r e a c t i v i t y can vary by several orders of magnitude f o r only a few atom s i z e change. Note also that the highest r e a c t i v i t y i s observed f o r the l a r g e r c l u s t e r s n>23.(2.24) In f a c t nearly constant and high r e a c t i v i t y has been measured by the Argonne group from n=25 out to n=270.(3) For c l u s t e r s larger than about 8 atoms we f i n d a strong correspondence between the measured r e l a t i v e r e a c t i v i t y and that which can be i n f e r r e d from electron binding energies.(2.24) For the smaller c l u s t e r s , j u s t the opposite i s observed.(24) In i t s simplest terms the size s e l e c t i v e behavior may be r a t i o n a l i z e d as r e s u l t i n g from the competition between Pauli repulsion which creates a b a r r i e r to di-hydrogen chemisorption and a t t r a c t i v e p a r t i a l charge tra n s f e r i n t e r a c t i o n s . For the l a r g e r metal c l u s t e r s with lower IPs, charge tr a n s f e r from the metal to hydrogen i s the dominant a t t r a c t i v e i n t e r a c t i o n ; whereas f o r the smaller, higher IP, c l u s t e r s the dominant a t t r a c t i v e i n t e r a c t i o n i s hydrogen to metal charge donation.(25) A s i m i l a r global correspondence has been observed f o r di-hydrogen chemisorption on niobium and vanadium, the only other t r a n s i t i o n metal c l u s t e r s f o r which both IP and r e a c t i v i t y measurements are presently available.(5-7) As noted above (with the exception of the coinage metals) most t r a n s i t i o n metal c l u s t e r s containing more than about 25 metal atoms ex h i b i t a high, nearly s i z e independent r e a c t i v i t y towards di-hydrogen. This suggests that f o r c l u s t e r s l a r g e r than about 25 atoms non-activated d i s s o c i a t i v e hydrogen chemisorption occurs (or at l e a s t the a c t i v a t i o n b a r r i e r i s s u f f i c i e n t l y reduced that f a c i l e chemisorption occurs at near room temperature), quite analogous to what occurs on on many t r a n s i t i o n metal surfaces. 
It should be pointed out that the correspondence noted above i s simply that, a correspondence. There are c e r t a i n s i z e c l u s t e r s , e.g. Nbi6, F e n , In the d i f f e r e n t metal systems f o r which t h i s correspondence does not seem to apply. This suggests that i t i s u n l i k e l y that the strong s i z e dependence observed f o r a c t i v a t i o n of di-hydrogen shown in f i g u r e 4 can be explained by a model based s o l e l y on charge donation. We expect that a complete explanation w i l l not be s h o r t l y forthcoming and l i k e l y w i l l require s i g n i f i c a n t l y more experimental in v e s t i g a t i o n of structure and s t a b i l i t y of the c l u s t e r s as a function of s i z e . With additional s t r u c t u r a l data we hope that a d e t a i l e d t h e o r e t i c a l understanding can be obtained. 

C-H Bond A c t i v a t i o n . We have also examined the chemisorption of various hydrocarbons on d i f f e r e n t t r a n s i t i o n metal c l u s t e r s . In th i s section we describe r e s u l t s obtained f o r methane a c t i v a t i o n on neutral c l u s t e r s . F i r s t , we note that under our experimental conditions (low pressure, near room temperature, short contact time) methane a c t i v a t i o n r e a d i l y occurs only on s p e c i f i c type and s i z e metal c l u s t e r s . For instance, we detect no evidence that methane reacts with iron(12), rhodium(26) or aluminum(27) c l u s t e r s , whereas as shown in f i g u r e 5 strong s i z e s e l e c t i v e chemisorption i s 
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Figure 4. Comparison of the r e l a t i v e r e a c t i v i t y of iron c l u s t e r s towards hydrogen (r i g h t hand scale and c i r c l e s ) with the electron binding energy ( l e f t hand scale and v e r t i c a l l i n e s ) as a function of number of iron atoms in the c l u s t e r . 
(Reprinted from Reference 24. Copyright 1988 American Chemical Society.) 
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Figure 5. Relative r e a c t i v i t y of platinum (upper panel) and palladium (lower panel) c l u s t e r s towards methane. 
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found f o r small platinum(28) and palladium(£9) c l u s t e r s , but the s i z e s e l e c t i v e behavior i s d i f f e r e n t f o r the two metals. As shown small (n=2-5) Pt c l u s t e r s are the most r e a c t i v e , whereas the mid-sized (n=7-16) Pd c l u s t e r s are the most r e a c t i v e . In both instances the l a r g e r c l u s t e r s become l e s s r e a c t i v e . Again a simple charge t r a n s f e r model can crudely r a t i o n a l i z e the gross behavior as follows: Both platinum and palladium c l u s t e r s have high IPs and the small c l u s t e r s appear to have the highest IPs of any metal system we have investigated. In t h i s instance the methane to metal charge t r a n s f e r may dominate f o r a l l s i z e s . This i s not unexpected since ( i ) the l a r g e r c l u s t e r IPs may never becomes s u f f i c i e n t l y small f o r donation of charge from the metal to occur, and ( i i ) the lowest unoccupied molecular o r b i t a l of methane i s at s i g n i f i c a n t l y higher energy than that of hydrogen, i . e . as S a i l l a r d and Hoffman(25) have pointed out methane should be s i g n i f i c a n t l y poorer charge acceptor than hydrogen but i s as good or better charge donator. Such arguments also q u a l i t a t i v e l y explain the non-reactivity of iron and rhodium (lower IP systems) c l u s t e r s . 
Hydrogen (Deuterium) Saturation. In addition to k i n e t i c studies, we also measure hydrogen saturation, i . e . the maximum number of hydrogens which can be bound to a metal c l u s t e r as a function of the number of metal atoms in the c l u s t e r . Our r e s u l t s show that a very large number of hydrogens can be bound to small t r a n s i t i o n metal clusters.(29-30) Figure 6 shows the r e s u l t s of deuterium chemisorption on c a t i o n i c c l u s t e r s of three metals, rhodium, platinum and n i c k e l . Let us examine the 10 atom c l u s t e r f o r each of the metals. The deuterium saturation l e v e l s are 32, 22 and 16 deuteriums f o r Rhio + , P t i o + and Ni i o + > r e s p e c t i v e l y . By comparison 
Feio saturated at 10 hydrogen atoms (see f i g u r e 2) . As can be seen from f i g u r e 6, the dimer cations of Rh, Pt and Ni have the highest (D/M)max r a t i o s of 8, 5 and 5, r e s p e c t i v e l y . For neutral iron c l u s t e r s (H/M) m ax was only 1.1(31)» but f o r neutral c l u s t e r s of vanadium,(32) niobium(32) and tantalum(33) (H/M) m ax of 1.4 has been measured. Thus hydrogen saturation displays not only a strong dependence on c l u s t e r s i z e , but also a pronounced dependence on the metal type. 

These r e s u l t s suggest that small (<10A dia.) highly dispersed, deposited c l u s t e r s of many d i f f e r e n t t r a n s i t i o n metals may take up s u b s t a n t i a l l y more hydrogen than one per metal surface atom. Thus the commonly used technique of hydrogen (and CO) chemisorption to t i t r a t e the number of exposed surface atoms (where i t i s t y p i c a l l y assumed that H/M=l) may not be accurate f o r highly dispersed c a t a l y s t s . Note however that in terms of electron counting rules Rh2Di6 may be considered the hydrogen l i g a t e d analogue of Rh2(C0)8, a stable well characterized organometallic molecule.(34) Since s i m i l a r analogies may be made f o r other c l u s t e r s i z e s as well as f o r d i f f e r e n t metals, the observation of small "hydrogen r i c h " c l u s t e r s may not be as unexpected as f i r s t thought. It i s simply that the gas phase molecular beam techniques allow us to synthesize and detect such seemingly exotic molecules f o r the f i r s t time. 
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Metal Atoms Per Cluster 

Figure 6. Hydrogen uptake f o r rhodium, platinum and nickel cations as a function of c l u s t e r s i z e . H/M i s the measured hydrogen to metal stoichiometry of the c l u s t e r . 
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Implications f o r C a t a l y s i s . We next discuss possible implications of the above r e s u l t s on the i n t e r p r e t a t i o n of c e r t a i n c a t a l y t i c processes. For example, ethylene hydrogénation i s known to be structure (metal p a r t i c l e size) i n s e n s i t i v e f o r metal p a r t i c l e s l a r g e r that about 20 A i n diameter. Recent studies of t h i s reaction by Masson et al.(35) using d i f f e r i n g coverages of evaporated platinum on s i l i c a and alumina surfaces showed that the turn over number (TON) was i n s e n s i t i v e to p a r t i c l e s i z e f o r p a r t i c l e s l a r g e r than about 20 A in diameter. As the p a r t i c l e s i z e was reduced below 20 A, the TON increased s i g n i f i c a n t l y before peaking and dropping to near zero f o r the lowest platinum coverage (possibly atomically dispersed platinum). The p a r t i c l e s i z e dependence of TON in t h i s experiment c o r r e l a t e s n i c e l y with the c l u s t e r s i z e dependence of the hydrogen uptake. In p a r t i c u l a r , note that not only does H/Pt = 1 f o r l a r g e r p a r t i c l e s where the TON i s constant, but the increase in TON with decreasing c l u s t e r s i z e occurs in the same c l u s t e r s i z e range where D/Pt becomes l a r g e r than 1, i . e . not s u r p r i s i n g l y "hydrogen r i c h " c l u s t e r s appear to be more e f f i c i e n t hydrogenators. The drop o f f towards no r e a c t i v i t y f o r the lowest coverage suggests that a minimum s i z e c l u s t e r i s required to accomodate both ethylene and hydrogen. Just the a v a i l a b i l i t y of more hydrogen i s not l i k e l y to be the whole answer. We speculate that in addition to the H/M increasing as the c l u s t e r s i z e decreases the a c t i v a t i o n energy f o r hydrogen desorption (at l e a s t the most weakly bound hydrogen on highly covered c l u s t e r s ) may be lower than that f o r l a r g e r c l u s t e r s . Thus highly covered small c l u s t e r s not only have more hydrogen a v a i l a b l e but the hydrogen i s also easier to remove, and so hydrogénation by small "hydrogen r i c h " c l u s t e r s i s enhanced r e l a t i v e to l a r g e r c l u s t e r s . 
Such considerations may also help in understanding r e s u l t s of 

CH4/D2 isotope exchange experiments,(36) in which small Ni, Ir or Pt c l u s t e r s (<10 A) are found to have a higher propensity to form s i n g l e metal to carbon bonds, whereas l a r g e r c l u s t e r s have a higher propensity to form multiple metal to carbon bonds. Being "hydrogen r i c h " suggests that not only may the small c l u s t e r s hinder C-H bond s p l i t t i n g , i . e . dehydrogenation of methane a l l the way to carbon, but also that small c l u s t e r s may have lower hydrogen desorption energies, which tends to make hydrogen more e a s i l y a v a i l a b l e and thus hinder complete dehydrogenation of methane. 
Size S e l e c t i v e Properties of Mono-sized. Deposited C l u s t e r s . As discussed e a r l i e r , i t i s now possible to make and study deposits of monosized, highly dispersed, t r a n s i t i o n metal c l u s t e r s . ( 9 ) In t h i s section we summarize r e s u l t s from the f i r s t measurements of the valence and core l e v e l photoemission spectra of mass selected, monodispersed platinum c l u s t e r s . The samples are prepared by depositing s i n g l e s i z e c l u s t e r s e i t h e r on amorphous carbon or upon the natural s i l i c a layer of a s i l i c o n wafer. We allow the deposition to proceed u n t i l about 10 per cent of the surface in a 0.25 cm 2 area i s covered. For samples c o n s i s t i n g of the platinum atom through the s i x atom c l u s t e r , we have measured the evolution of the individual valence band e l e c t r o n i c structure and the Pt 4f 
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VALENCE BAND PHOTOEMISSION 
1 1 1 I ' 1 ' 1 I 1 1 1 ' I 1 1 1 1 1 

Figure 7. The s o l i d curve in each panel i s the UV photoemission signal obtained from the s i l i c a substrate without platinum c l u s t e r s and the dashed curves represent the UV signal obtained when c l u s t e r s are present. 
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Pt Atoms per Cluster 
Figure 8. The upper panel plots the measured valence band offset 
of the Pti-6 samples as a function of cluster size obtained at a 
photon energy of 40 eV. The lower panel is a plot of the Pt 
4*7/2 core level shift and bandwidth as a function of cluster 
size obtained for a photon energy of 280 eV. 
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core electron binding energy as a function of c l u s t e r s i z e . Figure 7 shows the valence band spectra obtained f o r Pti-Pt6. Note that the onset of the valence band i s o f f s e t from the bulk Pt Fermi energy and that the photoemission i n t e n s i t y r i s e s slowly in the threshold region, i . e . there i s no sharp onset at the Fermi energy. These e f f e c t s show that the small platinum c l u s t e r s do not yet exh i b i t c h a r a c t e r i s t i c e l e c t r o n i c behavior observed f o r bulk metals. Figure 8 summarizes some of the key information obtained from these studies. As can be seen the P t i - Pt6 samples e x h i b i t i n d i v i d u a l , d i s c r e t e e l e c t r o n i c structure features as characterized by s i z e dependent valence band onsets and Pt 4f7/2 core l e v e l binding energies and bandwidths. This i s taken as proof that samples containing s i n g l e sized c l u s t e r s deposited onto supports can be prepared. Since each s i z e c l u s t e r may have unique materials and chemical properties, further studies w i l l probe not only how the e l e c t r o n i c structure evolves with s i z e , but how i t i s perturbed by d i f f e r e n t substrates, and how the c l u s t e r chemical a c t i v i t y i s affected by s i z e , substrate, reagent and temperature. 
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Chapter 18 

Cluster Intermediates in the Molecular 
Synthesis of Solid-State Compounds 

M. L. Steigerwald 

AT&T Bell Laboratories, Murray Hill, NJ 07974 

We describe the synthesis of several simple binary solid state compounds using 
organometallic reagents and reactions. Hoping to be able to understand some of 
the pathways by which the solids assemble we have interrupted the molecules-to
-solids transformations using a number of related techniques. We have been able to 
isolate several intermediates in these reactions and shown that they are 
organometallic cluster compounds. In some cases these clusters are directly 
related structurally to the bulk, being simply small fragments of the lattice. In 
other cases the relationship is less obvious. 

Inorganic solid state compounds are most often prepared by the direct combination of the elements 
in the appropriate stoichiometriesQ). This synthesis method is extraordinarily powerful and is a 
cornerstone of solid state chemistry. A distinct alternative is the molecular precursor method® in 
which the starting materials for the solid state synthesis are molecular compounds. (As noteworthy 
examples, this general approach has been used to prepare tetrahedral semiconductor materials 
(Si,(3) GaAs,(4) HgTe,(5) etc.), refractory ceramics® and intermetallics(7). In the synthesis from 
the elements solid state interdiffusion is often the highest energy process, and therefore the 
distribution products from these syntheses are often determined either by the very complex kinetics 
of interdiffusion or by the relative thermodynamic stability of the products. In the molecular 
precursor method the high energy interdiffusion of the elements is avoided and therefore solid state 
products and distributions can be governed by comparatively simple reaction kinetics. If the 
molecular precursor approach is to be exploited to its fullest it is important to learn as much as 
possible about the pathways by which the molecular reagents assemble and reorganize to give the 
solid state products. In this manuscript we will describe our investigations of two such molecule-
to-solid conversions, paying particular attention to the identification of reaction intermediates. We 
find that these are intermediates not only in the sense of reaction coordinate diagrams but also in 
the sense of isolated chemical species which are intermediate in size and properties between 
molecules and solids. 

Nanoscale Clusters of CdSe 

We found recently® that organic ditellurides (RTeTeR, R=some organic moiety) are potentially 
useful tellurium source compounds for the preparation of Te-containing II-VI compounds by 
organometallic vapor phase epitaxy (OMVPE). In the course of those investigations we found (9) 
that di(aryltellurato) mercury compounds [(RTe)2Hg], formed from the ditelluride and Hg, 
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18. STEIGERWALD Ouster Intermediates in Molecidar Synthesis 189 

thermally react to form polycrystalline HgTe and diaryl tellurium. We have since shownQO) that 
essentially all of the II-VI compounds (stoichiometric MX; M=Zn, Cd, Hg; X=S, Se, Te) can be 
prepared from the corresponding di(arylchalcogenide) metal compound (Equation 1), 

M(XR)2 > MX+XR 2 (1) 
thus extending the reaction which had been previously known for at least CdS to the entire range 
of solid state products. 

This reaction as written is quite simple but in fact it is quite complex since the solid state 
product which is formed may be thought of as a very high molecular weight, highly structured 
"polymer" of the MX unit cell. This implies that rather than a single, simple reaction 
(Equation 1) occurring a large number of times, a large number of reactions, all rather similar but 
none exactly the same, occur in a given preparative sequence. Two extreme possible pathways are 
shown in Figure 1. We believed that by understanding the details of this process as thoroughly as 
possible we would be able to use it more effectively, and for that reason attempted to characterize 
some of the chemical intermediates implicit in Equation 1. 

Reaction 1 is most readily conducted in the solid state, the precursor being heated in a glass 
tube sealed under vacuum. This yields the polycrystalline solid state compound as the organic by
product distils to the cooler end of the sealed tube. This reaction environment is not conducive to 
the interception and characterization of reaction intermediates for the simple reason that initially 
isolated "strands" of the growing inorganic "polymer" are in close contact with one another and 
can fuse. It is fortunate that reaction 1 can also be carried out in solution, thereby at least in part 
isolating different nucleation sites. 

When Cd(SePh)2 is heated in dilute 4-ethylpyridine (4EP) solution(lOa) a series of changes 
take place in the UV-visible absorption spectrum of the solution (Figure 2). The initially 
transparent (400 nm to 800 nm) solution develops a strong, well-defined absorption (λ™, =410 
nm) which subsequently fades as a broad absorption at approx 550 nm appears. This behavior is 
not peculiar to CdSe and its precursors. When Cd(TePh)2 is similarly treated(lQb) an analogous 
set of changes occur in the absorption spectrum of the 4EP solution (Figure 3). In each case we 
have been able to characterize the intermediates between Cd(XPh)2 and CdX. Transmission 
electron microscopy (TEM) has shown(lOa-b) that the strongly absorbing solutions represented by 
the data in Figures 1 and 2 contain nanometer-sized fragments of the CdX lattice. This is shown 
both by electron diffraction and by direct imaging of the solid state lattice. These data establish 
that the structure of the bulk solid state compound is established very early on in the thermolysis. 

In addition to characterization of these reaction intermediates by TEM we have also been 
able to synthesize the same materials by an independent route.Ql) In this procedure Cd2+ is 
dissolved in a surfactant/heptane/water reverse micelle reaction medium and subsequently treated 
with SeiSiMe ,̂ an organometallic equivalent of Se2". The ensuing reaction is quite fast, yielding 
intensely colored, apparently homogeneous solutions whose absorption spectra are quite similar to 
those shown in Figure 2. Sequential addition of alternating aliquots of Cd2+ and Se(SiMe3)2 give 
solutions which absorb further and further to the red. When PhSeSiMe3 is used in place of 
Se(SiMe3)2 the color leaves the solution and a solid precipitates which has the color of the 
erstwhile solution. (This process is summarized in Figure 4). This solid dissolves in Lewis basic 
organic solvents such as pyridine. We have analyzed this material by TEM, X-ray scattering,(12) 
77Se-NMR,(13) vibrational spectroscopy,(14) electronic spectroscopy,(15) Auger and energy-
dispersive x-ray spectroscopy (16) and have shown that it is made up of nanometer-sized fragments 
of the CdSe lattice, the surfaces of each fragment being passivated with phenyl moieties from the 
PhSeSiMe3. The surface passivation is critical since it protects the sample from interparticle 
fusion. 

The source of the absorptions in Figures 2 and 3 is quantum mechanical.(17) The bulk solids, 
CdSe and CdTe, are semiconductors and therefore absorb all light having energy in excess of their 
bandgaps (1.8 eV and 1.4 eV respectively). For each photon absorbed an electron-hole pair 
(exciton) is formed. When this exciton is confined in a volume smaller than that which is 
characteristic of the crystalline solid the energy required to create the exciton is greater. We have 
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. Cd ( S e P h ) 2 

S d S e + P h 2 S e 

Ν t imes 

N ( C d S e ) + N ( P h 2 S e ) 

assemble 

( C d S e ) N 

P h S e ( C d S e ) 3 P h 

- P h 2 S e 

P h S e ( C d S e ) 4 P h 

( C d S e ) œ 

Figure 1. Two possible pathways from Cd(SePh)2 to CdSe. 

4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 

WAVELENGTH (nm) 

6 5 0 7 0 0 

Figure 2. Time evolution of the UV-visible absorption spectrum of the thermolysis (180eC) of 
Cd(SePh)2 (5xl0~ 2 M in 4-ethyl pyridine). Trace (a) shows absorption due to starting 
material; (b) 4 min; (c) 25 min; (d) 1 hr; (e) 2 hr; (f) 5.5 hr; (g) 9 hr; (h) 84 nr. 
(Reprinted from ref. 10a. Copyright 1989 American Chemical Society.) 
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4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0 
WAVELENGTH (nm) 

Figure 3. Time evolution of the UV-visible absorption spectrum of the thermolysis (180eC) of 
CdCTePh)2. (Reprinted from ref. 10b. Copyright 1989 American Chemical Society.) 

Figure 4. Schematic description of the preparation of capped CdSe particles by arrested 
precipitation in reverse micelles, 
(Reprinted from ref. 11. Copyright 1989 American Chemical Society.) 
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interpreted the electronic spectral absorptions shown in Figures 2 and 3 to the formation of 
"confined" excitons. They therefore represent the band structure of nanometer-sized 
semiconductor materials. 

Our conclusion from this work has been that the reaction shown in Equation 1 leads initially 
to the formation of very small fragments of the bulk solid which subsequently either grow by 
accretion or fusion to give bulk solids. 

Molecular Clusters of NiTe 

In attempting to extend this conclusion to other reactions and other materials we were led to the 
reaction shown in Equation 2.(18) 

Ni(COD)2 + Et3PTe > NiTe ( 2 ) 
Bis(l,5-cyclooctadiene) nickel (Ni(COD)2) is a very convenient and labile source of zerovalent Ni, 
and Et3PTe is a similarly convenient source of zerovalent Te. Reaction 2 is essentially a 
combination of neutral atoms and we were curious whether or not it would proceed as shown and 
if nanocluster intermediates could be isolated from it as from reaction 1. 

When Ni(COD)2 and Et3PTe are combined in refluxing toluene polycrystalline NiTe is 
formed quickly, thus reaction 2 does occur and Ni(COD)2 and Et3PTe are candidates for use in 
solid state synthesis. It is noteworthy that when the two are combined instead at room temperature 
there is an immediate reaction to give a black solution, but the bulk NiTe solid is clearly not 
formed. Treatment of this solution with the appropriate co-solvent led to the crystallization of the 
cluster compound Ni2oTei8(PEt3)i2 (1). The structure of this cluster was determined 
crystallographically, and a representation of that structure is shown in Figure 5. The structure is 
rather complicated, and at first glance seems to bear little resemblance to bulk NiTe, nevertheless 
the central Te atom in 1 has a coordination environment similar to Te in the NiTe crystal.(19) 
Importantly the same reaction mixture which leads to NiTe at 115eC deposits 1 at room 
temperature. Although this certainly does not establish that 1 is a necessary intermediate in 
reaction 2 it does assure that 1 is an admissible candidate. 

In addition to temperature, reaction 2 has another controllable variable, that being reagent 
relative stoichiometries. In a large body of outstanding work Fenske & co-workers(20) have shown 
that a variety of metal-chalcogenide cluster compounds can be isolated by manipulating reagent 
ratios. Since phosphines stabilize both free Ni and free Te we believed that addition of excess 
phosphine to reaction 2 (in addition to the use of a high Ni/Te ratio) would yield smaller NiTe 
building blocks and thus shed some light on the mode of formation of 1. When Ni(COD)2, Et3PTe 
and Et3P are combined in heptane in the ratio 2:1:22 crystals of the compound Ni9Tee(PEt3)8 (2) 
form. The structure of this cluster was also determined crystallographically (Figure 6). It is much 
more symmetrical than 1 and is also more clearly related to bulk NiTe.(19) (In bulk NiTe each Ni 
is surrounded by an octahedron of Te atoms just as is the central Ni in 2). It is important to note 
that the structure of 2 is closely related to a number of the solid state lattices, viz., Ni3Te2,(21) 
pentlandite(22) (Co9S8)and wurtzite,(23) as well as being the inverse of a Chevrel cluster.̂ ) As 
mentioned above one of our reasons for studying the Ni/Te system was to test the hypothesis that 
molecular intermediates in the synthesis of solid state compounds have the same structure as that of 
the crystalline solid. Clearly the clusters 1 and 2 do not have the structure of NiTe unit cell. Their 
structures do raise some interesting questions. At what point in size is the bulk structure 
unavoidable? What distortions are required to make 1 and 2 recognizable fragments of the NiTe 
structure, and what are the energetic costs of those distortions? Why are structures 1 & 2 selected? 
While our studies of the Ni/Te and related systems are not yet complete it is certain that a great 
deal of structural & reaction chemistry remains to be unravelled in this area. 

In this paper we have described two of a growing number of molecular reactions which lead 
to solid state inorganic materials as products. We have been able to follow each of these reactions 
to a limited degree and have isolated and characterized reaction intermediates in each case. In each 
case these clusters bear structural resemblance to the intended solid state material. In the case of 
the II-VI materials CdSe and CdTe this resemblance is direct and obvious while in the case of the 
NiTe clusters the structural connection is not quite as specific. Further detection of intermediates 
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Figure 5. Structure of Ni2oTei8(PEt3)12. The labels a, b & c denote Ni atoms in three 
different coordination environments. Further structural information is included in reference 18. 
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in such molecules-to-solids reactions will help determine how solids are formed and therefore how 
best to use the molecular precursor method. The independent application of these cluster materials 
to problems in materials science and catalysis will be interesting and valuable. 
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Chapter 19 

Catalytic Ceramic Membranes and Membrane 
Reactors 

M. A. Anderson1, F. Tiscareño-Lechuga2, Q. Xu1, and C. G. Hill, Jr.2 

1Water Chemistry Program and 2Department of Chemical Engineering, 
University of Wisconsin, Madison, WI 53706 

Ceramic membranes represent a comparatively new class of 
materials which can be prepared from a variety of 
organometallic or inorganic precursors using sol-gel 
synthesis routes. The physico-chemical properties of 
these membranes depend on both the specific compounds 
used as precursors and the experimental protocol used in 
their preparation. In this paper, we discuss the key 
variables controlling the preparation of these membranes 
as well as the physico-chemical properties which make 
them good candidates for use as in catalytic membrane 
reactors. Finally, by way of a kinetic model for a 
specific reaction (the dehydrogenation of diethylbenzene 
to styrene), we illustrate the limitations as well as 
advantages of employing these membranes in catalytic 
reactors. 

While ceramic membranes have been heralded as a new type of m a t e r i a l 
i n recent years, t h e i r h i s t o r y dates back to the 1940*s. Membranes 
f a b r i c a t e d from metal oxides were o r i g i n a l l y created t o separate 
gases i n uranium isotope enrichment processes. The recent r e b i r t h of 
i n t e r e s t i n ceramic membranes can be a t t r i b u t e d p r i m a r i l y to renewed 
i n t e r e s t i n s o l - g e l processing of ceramic precursors and to improved 
a n a l y t i c a l techniques which provide i n s i g h t i n t o the molecular 
events which c o n t r o l h y d r o l y s i s and polymerization r e a c t i o n s i n 
these systems. The improved understanding of these r e a c t i o n s has l e d 
to the use of an ever broadening array of organometallic and 
in o r g a n i c precursors i n the preparation of these m a t e r i a l s . The 
r e s u l t a n t m a t e r i a l s possess d i f f e r e n t physico-chemical p r o p e r t i e s . 
Hence there i s a concomitant increase i n the range of p o s s i b l e 
a p p l i c a t i o n s f o r these m a t e r i a l s . While the o r i g i n a l a p p l i c a t i o n s of 
ceramic membranes i n v o l v e d gas phase separations, we are now using 
these membranes f o r u l t r a f i l t r a t i o n and as c a t a l y s t s , 
p h o t o c a t a l y s t s , s o l a r c e l l s , and sensors. This i n c r e a s i n g range of 
a p p l i c a t i o n s i s f u e l i n g f u r t h e r fundamental studies which increase 
the array of precursors, and increase our understanding of s o l - g e l 
r e a c t i o n s . 

A major new a p p l i c a t i o n of ceramic membranes i s i n the area of 
u l t r a f i l t r a t i o n . Ceramic membranes can outperform organic polymer 
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membranes i n numerous respects. Some advantages of ceramic membranes 
r e l a t i v e t o t h e i r organic polymer counterparts are: 

1) Chemical s t a b i l i t y - Ceramic membranes are not degraded by 
organic solvents and can withstand exposure t o c h l o r i n e . Many 
c r y s t a l l i n e oxides are r e l a t i v e l y i n s o l u b l e i n a c i d i c and a l k a l i n e 
media; hence ceramic membranes composed of such oxides should be 
r e l a t i v e l y i n e r t under extreme pH co n d i t i o n s . 

2) S t a b i l i t y at high temperature - Once a ceramic membrane i s 
f i r e d at a given temperature, i t s p r o p e r t i e s w i l l not change on 
exposure t o lower temperatures. While the appropriate f i r i n g 
temperature v a r i e s with the type of oxide or mixed oxide comprising 
the membrane, the temperature l e v e l s at which these membranes can be 
employed are g e n e r a l l y much higher (above 400°C) than those at which 
organic membranes can be used ( t y p i c a l l y below 100°C) . 

3) S t a b i l i t y t o m i c r o b i a l degradation - C e r t a i n organic membranes 
are q u i t e s u s c e p t i b l e to m i c r o b i a l degradation. Ceramic membranes 
are not expected to undergo such degradation. 

4) Mechanical s t a b i l i t y - Organic membranes compact and can 
undergo i n e l a s t i c deformations under high pressures, l e a d i n g t o 
lower p e r m e a b i l i t i e s . Ceramic membranes supported on robust 
m a t e r i a l s such as s t a i n l e s s s t e e l or s t r u c t u r a l ceramics can be 
expected t o withstand very high pressures. 

5) Cleaning conditions - Membrane f o u l i n g i s a serious problem 
when using organic membranes. Even i f ceramic membranes s u f f e r from 
s i m i l a r f o u l i n g problems, items 1 and 2 above i n d i c a t e that harsher, 
more e f f e c t i v e c l e a n i n g treatments can be used with ceramic 
membranes than with organic membranes. 

Although an extremely l a r g e number of v a r i a t i o n s i n formulation 
c o n d i t i o n s and s t a r t i n g m a t e r i a l s can be employed to form organic 
membranes, these membranes always have a carbon-based backbone. 
Ceramic membranes composed of inor g a n i c precursors can be fashioned 
from many of the elements of the p e r i o d i c chart. Hence there i s a 
wide v a r i e t y of i n t e r e s t i n g m a t e r i a l s with an eq u a l l y l a r g e v a r i e t y 
of physico-chemical p r o p e r t i e s from which ceramic membranes can be 
f a b r i c a t e d . The aforementioned advantages l e d us to consider the use 
of ceramic membranes i n c a t a l y t i c a p p l i c a t i o n s where temperature 
ranges o f t e n exceed s e v e r a l hundreds of degrees and where high 
pressures and harsh chemical environments prevent the use of organic 
membranes. 

P r e p a r a t i o n o f C e r a m i c Membranes 

In the f a b r i c a t i o n of ceramic membrane modules, s e v e r a l p rocessing 
steps must be accomplished: s o l preparation, g e l a t i o n , c o a t i n g of 
supports, and f i r i n g at elev a t e d temperatures. Within each step, 
s e v e r a l independent v a r i a b l e s can be used t o t a i l o r the p r o p e r t i e s 
of the ultimate product f o r the s p e c i f i c a p p l i c a t i o n of i n t e r e s t . 
Although d i s c u s s i o n of the i n f l u e n c e of these v a r i a b l e s i s beyond 
the scope of the present paper, a cursory treatment of each step and 
the most important v a r i a b l e s w i l l be given here. 

S o l P r e p a r a t i o n . The synthesis of oxide s o l s v i a the s o l - g e l 
process i n v o l v e s the c o n t r o l l e d h y d r o l y s i s of metal alkoxides and/or 
metal s a l t s . However, the p r o p e r t i e s of the r e s u l t i n g s o l , i n c l u d i n g 
the s i z e of the s o l p a r t i c l e s , are determined by the i n t e r a c t i o n s of 
se v e r a l v a r i a b l e s which must be c a r e f u l l y c o n t r o l l e d . Such f a c t o r s 
as the solvents used, the r a t i o s of alkoxide or s a l t t o water and/or 
a l c o h o l , the amount of added a c i d or base, the r e a c t i o n temperature, 
the s t i r r i n g speed, and the rate at which reactants are added to the 
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solvent must a l l be stu d i e d i n order t o develop a synthesis p r o t o c o l 
which can produce a s o l with the d e s i r e d p r o p e r t i e s (1,2). The s i z e 
of the primary p a r t i c l e s i s determined at t h i s stage, although 
p a r t i c l e s i z e s can change as aging occurs (3). NMR studies have 
provided u s e f u l information about the r e a c t i o n s which occur during 
h y d r o l y s i s (4). 

In general, h y d r o l y s i s and condensation r e a c t i o n s can be 
des c r i b e d by equations 1 and 2 below: 

OR OR 
I I 

RO-M-OR + H20 — • RO-M-OH + ROH (1) 
OR OR 

OR 
I 

RO-M-OH 
I 
OR 

OR OR 
ι ι 

RO-M-O-M-OR 
I I 
OR OR 

H20 (2) 

where M • c e n t r a l metal and R β organic moiety 
The r e l a t i v e rates of the h y d r o l y s i s and condensation r e a c t i o n s 

l a r g e l y determine whether polymeric or p a r t i c u l a t e membranes are 
obtained. I f h y d r o l y s i s rates are r a p i d i n comparison to those of 
the condensation r e a c t i o n s , l a r g e r p a r t i c u l a t e species are obtained. 
On the other hand, i f one can reduce the rate of the h y d r o l y s i s 
r e a c t i o n to the point where i t i s slower than that of the 
condensation r e a c t i o n (e.g., by lowering the pH, reducing the amount 
to H2O present, or by changing the chemical nature of the 
subs t i t u e n t groups on the precursor, one can produce polymeric or 
very small p a r t i c u l a t e species. 

For example, we have used s e v e r a l methods t o prepare s t a b l e 
t i t a n i a s o l s by the s o l - g e l technique. One general technique i s 
p e p t i z a t i o n , i n which h y d r o l y s i s occurs without a d d i t i o n of any a c i d 
or base. Aggregates of primary p a r t i c l e s form under these 
c o n d i t i o n s . These aggregates can then be e l e c t r o s t a t i c a l l y d i s p e r s e d 
by adding a c i d or base to increase the surface charge on the s o l i d 
p a r t i c l e s . However, a c i d p e p t i z a t i o n of our t i t a n i a s o l s appears to 
produce smaller aggregates of primary p a r t i c l e s r ather than a 
dis p e r s e d s o l of the primary p a r t i c l e s themselves. We have 
s u c c e s s f u l l y prepared suspensions of f i n e r t i t a n i a p a r t i c l e s by 
hyd r o l y z i n g t i t a n i u m t e t r a - i s o p r o p o x i d e under s t r o n g l y a c i d i c 
c o n d i t i o n s . Kormann et a l . have even synthesized s o - c a l l e d WQ 
p a r t i c l e s " (quantum size) of t i t a n i a (<30 Â diameter) by c a r e f u l l y 
h y d r o l y z i n g t i t a n i u m t e t r a c h l o r i d e (5). 

P a r t i c l e aggregation during and a f t e r the synthesis of the s o l 
can have a s i g n i f i c a n t e f f e c t on the p r o p e r t i e s of the r e s u l t i n g 
ceramic membrane. Figure 1 i l l u s t r a t e s the e f f e c t of aging on 
p a r t i c l e s i z e f o r t i t a n i a s o l s prepared with d i f f e r e n t H 2 0/Ti mole 
r a t i o s , using 2-methyl-2-butanol (t-amyl alcohol) as the solvent. 
For s o l 3, i t appears that the system does not contain enough water 
f o r h y d r o l y s i s to continue a f t e r formation of the i n i t i a l p a r t i c l e s . 
Under these c o n d i t i o n s there i s no s i g n i f i c a n t i ncrease i n the s i z e 
of the primary p a r t i c l e s . P a r t i c l e aggregation i s minimized because 
the suspension i s e l e c t r o s t a t i c a l l y s t a b i l i z e d at pH 2. However, as 
water i s added to the system (sol 2), slow growth of primary 
p a r t i c l e s appears to occur u n t i l , a f t e r 70 days, a sudden r i s e i n 
p a r t i c l e s i z e occurs. The observed increase probably i n d i c a t e s the 
onset of p a r t i c l e aggregation. The in d u c t i o n p e r i o d i s g r e a t l y 
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a f f e c t e d by the H2O /T1 r a t i o . A s o l with a H 2 0/Ti mole r a t i o of 3.75 
di s p l a y e d s i m i l a r behavior, but with an i n d u c t i o n p e r i o d of 105 
days. Further a d d i t i o n of water ( s o l 1) causes general p a r t i c l e 
growth and aggregation phenomena as i n the case of s o l 2 . In t h i s 
case, however, r a p i d aggregation was not observed. I t i s not c l e a r 
why t h i s d i f f e r e n c e i n behavior occurs, although i t may be r e l a t e d 
t o the s t r u c t u r e of the aggregates which form i n these systems. 
Questions about the s t r u c t u r e of p a r t i c l e aggregates, as w e l l as 
those about the s t r u c t u r e of gel s and membranes, can be s t u d i e d i n 
some d e t a i l using s c a t t e r i n g techniques and f r a c t a l a n a l y s i s (6,7). 

G e l a t i o n . Once a r e l a t i v e l y s t a b l e s o l i s prepared, i t can be 
plac e d on a support. This process i n v o l v e s both c o a t i n g (or s l i p -
casting) and g e l a t i o n , although a c l e a r separation of these two 
steps may not be p o s s i b l e . For instance, one can coat a g l a s s p l a t e 
by d i p p i n g i t i n t o a d i l u t e s o l and then heating the coated p l a t e . 
In t h i s case, c o a t i n g has preceded g e l a t i o n . In some cases i t may be 
d e s i r a b l e to increase the v i s c o s i t y of the s o l or approach g e l a t i o n 
c o n d i t i o n s before coating. In t h i s manner a t h i c k e r coat can be 
achieved i n a s i n g l e step, rather than employing the r e p e t i t i v e 
procedure which would be req u i r e d to achieve the same thickness 
using a l e s s concentrated s o l . 

Stable s o l s are u s u a l l y concentrated or g e l l e d by solvent 
evaporation. This step requires c a r e f u l c o n t r o l of both system 
temperature and r e l a t i v e humidity. These v a r i a b l e s , i n turn, a f f e c t 
the r a t e of evaporation, although the use of a ro t a r y evaporator 
under a p a r t i a l vacuum may l i m i t one's a b i l i t y t o c o n t r o l humidity. 
As evaporation proceeds, the concentrations of the n o n v o l a t i l e 
i n o r g a n i c s a l t s (introduced e i t h e r as acids or bases to pep t i z e the 
system or as precursor s a l t s ) i n the suspension w i l l i n c r e a s e . For 
s o l s i n which p a r t i c l e s are e l e c t r o s t a t i c a l l y s t a b i l i z e d , the 
increase i n i o n i c strength accompanying evaporation of the solvent 
w i l l n e u t r a l i z e some of the charge on the p a r t i c l e s , e v e n t u a l l y 
d e s t a b i l i z i n g the s o l . The composition of the s o l determines whether 
a s t a b l e s o l w i l l g e l or f l o c c u l a t e as evaporation proceeds. I f a 
g e l i s d e s i r e d , d i r e c t a d d i t i o n of ino r g a n i c s a l t s w i l l o f t e n cause 
g e l a t i o n without the need f o r evaporation of solvent (8,9). 

I f the presence of inorganic s a l t s w i l l adversely a f f e c t the 
performance of the f i n a l membrane, then acids or bases which can be 
v o l a t i l i z e d i n the f i r i n g stage should be used (e.g., n i t r i c a c i d or 
ammonium hydroxide). One should a l s o recognize that d i a l y s i s can 
replace evaporation as a technique f o r concentrating suspensions, 
e s p e c i a l l y when increases i n i o n i c strength cannot be t o l e r a t e d . In 
ad d i t i o n , d i a l y s i s can be used to achieve c o n t r o l l e d a d d i t i o n of a 
sol u t e to the s o l , thereby a f f e c t i n g the surface chemistry of the 
substrate. However, d i a l y s i s tubing must be scrupulously cleaned 
before use. 

C o a t i n g o f S u p p o r t s w i t h S o l s . Once the s o l i d s concentration and 
v i s c o s i t y of the s o l have been adjusted to d e s i r e d l e v e l s , the s o l 
can be used to coat a support. The procedure to be employed i n the 
co a t i n g process, however, depends on whether the support being 
coated i s porous or nonporous. I f a dry, porous support i s being 
coated, then s l i p - c a s t i n g i s u t i l i z e d . In t h i s case, the thickness 
of the r e s u l t i n g coat depends on the contact time between the s o l 
and the support, with longer contact times g i v i n g t h i c k e r coatings 
(10). Other f a c t o r s which a f f e c t the l a y e r being cast are the 
a b i l i t y of the s o l to wet the support and the average s i z e of the 
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s o l p a r t i c l e s r e l a t i v e t o the pore s i z e of the support. However, 
when a nonporous support i s coated, the primary f a c t o r which 
c o n t r o l s the thickness of the r e s u l t i n g c o a t i n g i s the rate at which 
the support i s withdrawn from the s o l . In t h i s case, f a s t e r 
withdrawal rates give t h i c k e r l a y e r s (11) . The v i s c o s i t y of the s o l 
a l s o a f f e c t s the thickness of the coating. 

F i r i n g t h e S u p p o r t e d Membrane . A f t e r the support has been coated, 
the c o a t i n g i s f i x e d t o the support by f i r i n g . Factors governing the 
e f f i c a c y of t h i s process i n c l u d e the f i r i n g temperature, the ramp 
rat e , the dwell time and the f i r i n g atmosphere. The combination of 
f i r i n g temperature and dwell time at that temperature ( e s s e n t i a l l y a 
measure of the thermal energy a v a i l a b l e to the system) c o n t r o l s both 
the c r y s t a l s t r u c t u r e and the pore s i z e of the r e s u l t i n g ceramic 
membrane. The f i r i n g atmosphere can a l s o be c o n t r o l l e d to e i t h e r 
o x i d i z e or reduce the membrane. Hence the chemical nature of the 
l o c a l environment i s an important f a c t o r i n preparing photoactive 
membranes. The data i n Figure 2 i n d i c a t e the changes which occur i n 
an unsupported Ti02 membrane when prepared at d i f f e r e n t f i r i n g 
temperatures. At the onset of f i r i n g , the membrane i s amorphous. As 
the temperature reaches 200°C, an anatase form appears. Around 
500°C, the anatase i s converted to a s t a b i l e r u t i l e form. C r y s t a l 
s i z e increases with i n c r e a s i n g temperature. 

The reader should a l s o note that the support i t s e l f w i l l o f t e n 
i n f l u e n c e p a r t i c l e growth rates, p a r t i c l e - p a r t i c l e s i n t e r i n g r a t e s , 
phase changes and the p o r o s i t y of the membranes r e s u l t i n g from the 
f i r i n g process. Some combination of s o l i d s t a t e migration and 
chemical p i n n i n g phenomena changes the c r y s t a l l i n e and p h y s i c a l 
s t r u c t u r e of the supported membrane. 

C r a c k i n g . Very o f t e n a ceramic membrane w i l l develop cracks at some 
po i n t i n the preparation p r o t o c o l . Often t h i s occurs when i t i s 
d r i e d , e i t h e r by evaporation or f i r i n g . The u n f i r e d membrane s t i l l 
c ontains considerable solvent (and p o s s i b l y other a d d i t i v e s ) a f t e r 
the c o a t i n g and g e l a t i o n steps. Crack formation may occur as a 
consequence of the hydrodynamic s t r e s s e s which develop i n the 
membrane as the solvent evaporates (3,12). An obvious approach t o 
a l l e v i a t i n g t h i s problem i s to dry the membrane slowly and/or f i r e 
the membrane at a low ramp ra t e . I f evaporation of solvent during 
d r y i n g i s r a p i d enough to cause cracking, i t may be p o s s i b l e t o 
minimize c r a c k i n g by dr y i n g the module under high humidity 
c o n d i t i o n s to lower the evaporation r a t e . I t may a l s o be necessary 
t o reformulate the preparation of the s o l so that a l e s s v o l a t i l e 
s olvent i s used (e.g., by s u b s t i t u t i o n of water f o r alcohol) or 
d r y i n g c o n t r o l agents are added to a l t e r surface energies. Such 
reformulation o f t e n requires t r i a l and e r r o r experiments and much 
research e f f o r t before a s u c c e s s f u l process i s developed. 

P o r e S i z e L i m i t a t i o n s . Although there are many p o t e n t i a l commercial 
a p p l i c a t i o n s f o r u l t r a f i l t r a t i o n using c u r r e n t l y a v a i l a b l e ceramic 
membranes, the pore s i z e s i n these membranes are seldom l e s s than 40 
Â i n diameter, thereby l i m i t i n g t h e i r a p p l i c a t i o n s i n gas 
separations and i n ceramic c a t a l y t i c r e a c t o r s . 

Two approaches can be taken to u t i l i z e other oxide ceramic 
membranes f o r separations i n v o l v i n g small molecules or io n s . E i t h e r 
the pores of the membrane can be p a r t i a l l y plugged by d e p o s i t i n g 
i n s o l u b l e m a t e r i a l s t h e r e i n (13,14) or membranes can be prepared 
usi n g precursor s o l s which contain extremely small p a r t i c l e s . The 
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150 
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PARTICLE GROWTH KINETICS 
In Alcoholic Solution 

Ti(OR)4 H20 H20:Ti 

(1) 0.04M 0.4M 10 
(2) 0.08M 0.4M 5 
(3) 0.12M 0.4M 3.3 

60 
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Figure 1 . Growth of t i t a n i a p a r t i c l e s as a f u n c t i o n of time and 
the mole r a t i o of H 2 0 to T i . 

0 100 200 300 400 500 600 

Temperature (C) 

Figure 2. Changes i n phase and p o r o s i t y of unsupported T i 0 2 

membranes as a f u n c t i o n of temperature. 
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l a t t e r s i t u a t i o n requires synthesis methods which incorporate 
techniques used to prepare nQ p a r t i c l e s " , such as low temperature 
h y d r o l y s i s under pH c o n d i t i o n s which l e a d to h i g h l y charged primary 
p a r t i c l e s and d i a l y s i s of the r e s u l t i n g s o l to reduce the i o n i c 
s t rength of the f i n a l s o l . By using these techniques (strong a c i d 
h y d r o l y s i s at room temperature followed by d i a l y s i s ) , we have 
prepared t i t a n i a s o l s f o r which the hydrodynamic diameters of the 
primary p a r t i c l e s are about 3 nm. Xerogels prepared from t h i s s o l 
have pore diameters of l e s s than 2 nm, while membranes f i r e d at 
2 5 0 ° C have pore diameters of l e s s than 3 nm. Further study of these 
membranes i s continuing. 

C a t a l y t i c Ceramic Membranes and Membrane Reactors 

Ceramic membranes can be used i n c a t a l y t i c systems i n three modes: 
1. those i n which the membrane functions only as a c a t a l y s t . 
2 . those i n which membrane operates as a permselective b a r r i e r . 
3 . those i n which the membrane acts as both a c a t a l y s t and a 

permselective b a r r i e r . 
The l a t t e r two modes circumscribe the r o l e of ceramic membranes 

i n membrane r e a c t o r s . In the case of membrane re a c t o r a p p l i c a t i o n s , 
the ceramic membranes must be c r a c k - f r e e . In a d d i t i o n , i t i s 
d e s i r a b l e f o r the membrane to e x h i b i t good p e r m s e l e c t i v i t y 
c h a r a c t e r i s t i c s . 

P r e l i m i n a r y r e s u l t s obtained i n an e f f o r t t o model the 
dehydrogenation of ethylbenzene to styrene i n a ^membrane r e a c t o r " 
are d e s c r i b e d below. The unique feature of t h i s r e a c t o r i s that the 
w a l l s of the reactor are comprised of permselective membranes 
through which the various reactant and product species d i f f u s e at 
d i f f e r e n t r a t e s . This r e a c t i o n i s endothermic and the ultimate 
extent of conversion i s l i m i t e d by thermodynamic e q u i l i b r i u m 
c o n s t r a i n t s . In i n d u s t r i a l p r a c t i c e steam i s used not only to s h i f t 
the e q u i l i b r i u m extent of r e a c t i o n towards the products but a l s o to 
reduce the magnitude of the temperature decrease which accompanies 
the r e a c t i o n when i t i s c a r r i e d our a d i a b a t i c a l l y . 

R e a c t i o n s o f E t h y l b e n z e n e . Clough and Ramirez (15) have reported 
that f o r the dehydrogenation of ethylbenzene over a potassium 
promoted i r o n oxide c a t a l y s t i n the presence of steam the important 
r e a c t i o n s are: 
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H20 + 7 CH2=CH2 • CO + 2 H 2 (6) 
H20 + CH 4 • CO + 3 H 2 (7) 
H20 + CO • C0 2 + H 2 (8) 

Lee (16) has reported that f o r high conversions some l o s s e s may 
occur as a r e s u l t of decomposition of styrene. However these e f f e c t s 
are not considered i n the present study. For the same c a t a l y s t , 
Sheel (17) reported that the reactions which must be considered f o r 
t h i s system are the same main r e a c t i o n ( r e a c t i o n 3), plus s i d e 
r e a c t i o n s between ethylbenzene and steam r e s u l t i n g i n the formation 
of benzene, toluene, carbon dioxide, and hydrogen. 

Wang et a l . (18) have st u d i e d binary and ternary mixtures of 
ti t a n i u m oxide with zirconium oxide, vanadium oxide and i r o n oxide, 
among others. They reported that the by-products are produced i n 
small amounts. Some mixtures are as a c t i v e or more a c t i v e than the 
i r o n oxide c a t a l y s t but are l e s s s e l e c t i v e . These researchers noted 
that i n a d d i t i o n to the aforementioned r e a c t i o n s , r e a c t i o n s 3 to 5, 
the f o l l o w i n g r e a c t i o n s are s i g n i f i c a n t : 

CH=CH2 

6 * - - o 
CH2-CH3 

ύ * " — Ο 
Other r e a c t i o n networks have been considered by other authors. 

However, since the technology on which our e f f o r t focuses i n v o l v e s 
the use of membranes made of both i r o n oxide and t i t a n i u m oxide, our 
e f f o r t s t o analyze the performance of a permselective c a t a l y t i c 
membrane reactor center on reactions 3 to 5. 

The modelling e f f o r t i s being c a r r i e d out i n stages. The f i r s t 
stage i n v o l v e s an assessment of the e f f e c t s of process v a r i a b l e s on 
the e q u i l i b r i u m extent of r e a c t i o n that can be achieved under 
c o n d i t i o n s such that the membrane i s h i g h l y permselective f o r 
hydrogen, i . e . , that only hydrogen permeates the membrane. The 
second stage introduces k i n e t i c l i m i t a t i o n s on the r e a c t i o n and 
provides f o r the f a c t that the membrane i s not a p e r f e c t l y 
semipermeable membrane. Results from the f i r s t stage of our e f f o r t s 
and p r e l i m i n a r y r e s u l t s from our second stage e f f o r t s are presented 
below. 

E q u i l i b r i u m M o d e l 

Thermodynamic e q u i l i b r i u m l i m i t a t i o n s e x i s t f o r the f i r s t r e a c t i o n , 
but the other r e a c t i o n s can be considered as i r r e v e r s i b l e , at l e a s t 
i n the region where the conversion to styrene i s a t t r a c t i v e . Only 
r e a c t i o n 3 i s considered i n the f i r s t stage c a l c u l a t i o n s because 
there i s considerable experimental evidence that the other r e a c t i o n s 
occur t o only a very small extent. 

A study c o n s i d e r i n g a l l the reactions as being at e q u i l i b r i u m 
would not be u s e f u l because e q u i l i b r i u m would be achieved only i n a 
region which would r e s u l t i n a high p r o p o r t i o n of by-products and 
low y i e l d s of styrene. The r e a c t i o n rate constants f o r r e a c t i o n 3 

+ CH2=CH2 (9) 

+ C H 3 - C H 3 (10) 
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are considerably greater than those f o r re a c t i o n s 4 and 5. However, 
an increase i n the temperature of operation would reduce the 
d i s p a r i t y between the rate constants. This s i t u a t i o n i m p l i e s that 
as, a f i r s t approximation, only r e a c t i o n 3 occurs to s i g n i f i c a n t 
degree. This approximation permits one to determine the 
" e q u i l i b r i u m " conversion a t t a i n a b l e when design parameters such as 
temperature, pressure, steam to o i l r a t i o (r H 2o) and the f r a c t i o n of 
hydrogen removed (5H2) are v a r i e d . The f r a c t i o n hydrogen removed i s 
a v a r i a b l e which permits one to a l t e r the e q u i l i b r i u m conversion as 
a consequence of product removal through a permselective membrane. 

I f one assumes i d e a l gas behavior and considers only 
r e a c t i o n 3, the f o l l o w i n g m a t e r i a l balance r e s u l t s (basis - 1 mole 
of ethylbenzene and r H 2 o moles of water) : 

Component species Moles remaining i n the r e a c t o r 
at extent of r e a c t i o n ξ 

1 Ethylbenzene ηχ - 1- ξ 
2 Styrène n 2 = ξ 
3 Hydrogen n3 = (1-δ Η 2)ξ 
4 Inert n4 - r H 2 0 

The e q u i l i b r i u m r e l a t i o n a s s o c i a t e d with r e a c t i o n 3 i s : 

(1 - δ Η 2) ξ 2 Ρ ^ 
(1 - ξ) [1 + (1 - δ Η 2) ξ + r H 2 0 ] 

(ID 

Since the b a s i s i s 1 mole of ethylbenzene fed, the concepts of 
f r a c t i o n conversion and extent of r e a c t i o n are interchangeable (X -
*>· 

The f o l l o w i n g values of the e q u i l i b r i u m constant are obtained 
us i n g the thermodynamic data given i n Reid et a l . (19): 

Temperature °C K3 (atm) 
400 0.0013 
600 0.232 
800 6.15 

Inspection of these values i n d i c a t e s that i n order to obtain an 
a t t r a c t i v e conversion the operating temperature w i l l need to be 
high. 

Clough and Ramirez (15) have a l s o reported that f o r an i r o n 
c a t a l y s t the optimal steam to o i l molar r a t i o i s ca. 10. The p l o t s 
i n Figure 3 i n d i c a t e that as t h i s r a t i o i s increased, higher 
conversions to styrene are a t t a i n a b l e . Since only one r e a c t i o n i s 
considered i n the a n a l y s i s , the conversion c r i t e r i o n i s used i n s t e a d 
of a y i e l d c r i t e r i o n . I t should be noted that t h i s a n a l y s i s does not 
take i n t o account cost c o n s i d e r a t i o n s . 

The p l o t s i n Figure 4 are based on c a l c u l a t i o n s f o r a steam to 
o i l r a t i o of 10. Inspection i n d i c a t e s that the conversion t o styrene 
i s favored by lowering the pressure. However, the e f f e c t of pressure 
on the conversion i s smaller than e i t h e r the e f f e c t of the steam to 
o i l r a t i o or as w i l l be seen, the e f f e c t of the removal of hydrogen. 

The s h i f t i n conversion r e s u l t i n g from the removal of the 
hydrogen produced i s of p a r t i c u l a r i n t e r e s t when a permselective 
membrane reactor i s employed. The curves i n Figure 5 i n d i c a t e that 
i n order to gain an appreciable increase i n the conversion, i t i s 
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300 500 700 900 

Temperature, °C 
Figure 3 . Combined e f f e c t s of temperature and steam t o o i l r a t i o 
on the conversion. T o t a l pressure = 1 atm; no hydrogen removal. 

0.0 H • « ' » ' 
300 500 700 900 

Temperature, °C 
Figure 4. Combined e f f e c t s of temperature and pressure on the 
conversion. No hydrogen removal; steam t o o i l molar r a t i o - 1 0 . 
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necessary to remove over twenty percent of the hydrogen produced. 
The c a l c u l a t i o n s summarized by the p l o t s i n Figures 5 and 6 i n d i c a t e 
t h a t when no steam i s present i n i t i a l l y , c o n s i s t e n t l y lower 
conversions are achieved at the same degree of hydrogen removal. 

The r e s u l t s obtained from the thermodynamic l i m i t a t i o n model 
thus i n d i c a t e the focus of e f f o r t s t o develop a process based on a 
membrane re a c t o r should center on producing a membrane which w i l l 

1. be h i g h l y permselective 
2. be s t a b l e at high temperatures and i n the presence of water 
3. have high a c t i v i t y and s e l e c t i v i t y f o r the d e s i r e d r e a c t i o n . 

Kinetic Model 

Several researchers have modelled other dehydrogenation r e a c t i o n s 
under s i m i l a r c o n d i t i o n s ; f o r example, Raymond (20) , Ito e t . a l . 
(21), and S h i n j i et a l . (22) have s t u d i e d the dehydrogenation of 
s u l f u r anhydride, the decomposition of HI and the dehydrogenation of 
cyclohexane, r e s p e c t i v e l y . Mohan and Govind (23) have reported 
r e s u l t s of a generic study of permselective r e a c t o r s . Although some 
of t h e i r conclusions can be extended to the dehydrogenation of 
ethylbenzene, an important d i f f e r e n c e between t h i s system and those 
c i t e d i s the f a c t that i n the case of the dehydrogenation of 
ethylbenzene, other reactions occur together with the 
dehydrogenation r e a c t i o n . This s i t u a t i o n introduces the n e c e s s i t y 
f o r c o n s i d e r i n g r e a c t i o n s e l e c t i v i t y . This f a c t o r can play a very 
important r o l e i n the g l o b a l o p t i m i z a t i o n problem. The use of a 
permselective membrane can not only l e a d t o a s u b s t a n t i a l increase 
i n conversion over the e q u i l i b r i u m conversion, but i t can a l s o have 
a b i g impact on the s e l e c t i v i t y of the process. 

P e r m s e l e c t i v e R e a c t o r M o d e l . This model was developed t o s i z e an 
experimental r e a c t o r system. Even though, some of our i n i t i a l 
assumptions are being r e f i n e d i n our continuing e f f o r t s , some 
important conclusions can be drawn from our e a r l y work. The f i r s t 
approach used was to i d e a l i z e the p e r m s e l e c t i v i t y , and assume that 
only hydrogen d i f f u s e s through the membrane. This assumption cannot 
be j u s t i f i e d f o r the c h a r a c t e r i s t i c s of the membranes s t u d i e d 
experimentally. I t does, however, permit one to place an upper l i m i t 
on the expected performance of the system. 

The model uses s e v e r a l assumptions: 
1. isothermal operation 
2. n e g l i g i b l e pressure drop across the reactor 
3. p l u g flow 
4. no a x i a l or r a d i a l d i f f u s i o n 
5. mass t r a n s f e r across the membrane occurs only f o r hydrogen 

and the transport occurs by Knudsen d i f f u s i o n 
6. the p a r t i a l pressure of hydrogen on the sweep side of the 

membrane i s constant 
7. i d e a l gas behavior 
8. no r e a c t i o n occurs w i t h i n the membrane or on the sweep s i d e . 

The model equations are solved by an i n i t i a l boundary value 
algorithm, D02BBF i n t e g r a t o r from the NAG L i b r a r y (24). 

Figure 7 presents the parameters of the re a c t o r model and the 
operat i n g c o n d i t i o n s simulated. A packed bed of c a t a l y s t with a 
l o a d i n g of c a t a l y s t equivalent to 0.11 gr of S h e l l 105 c a t a l y s t / v o i d 
cc of re a c t o r i s assumed. A membrane 5 microns t h i c k with 20 Â pore 
r a d i i i s placed on inner s i d e of a 3/8" I.D. porous support. The 
pore s i z e of t h i s support i s considered to be l a r g e enough that i t 
does not e x h i b i t any r e s i s t a n c e to mass t r a n s f e r . A t o r t u o s i t y 
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0.0 H • « • 1 • r-
300 500 700 900 

Temperature, °C 
Figure 5 . Combined e f f e c t s of temperature and f r a c t i o n hydrogen 
removed on the conversion. Pressure = 1 atm; steam t o o i l molar 
r a t i o = 1 0 . 

Temperature, °C 
Figure 6 . Combined e f f e c t s of temperature and f r a c t i o n hydrogen 
removed on the conversion. Pressure β 1 atm; steam t o o i l molar 
r a t i o « 0 . 
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f a c t o r of 3 was used. The LHSV f o r the reactor i s about 0 . 3 and the 
residence time i s c l o s e to 2 seconds. 

Reactions 3 , 4 and 5 were considered f o r the model. The ra t e 
constants reported by Wenner ( 25 ) were used. Sheppard et a l . ( 2 6 ) 
reported that Wenner's k i n e t i c model deviated by 9.6% from 
manufacturer's data. They proposed other models and more accurate 
parameters. However, f o r our work we p r e f e r r e d to begin with 
Wenner*s model because i t permits one to employ a simple Arrhenius 
r e l a t i o n s h i p f o r the temperature dependence of the r a t e terms. 

T a b l e I Wenner k i n e t i c m o d e l 

Reaction A E a (Kcal/Kg mole) D r i v i n g Force 
3 1 1 . 5 2 4 . 1 P E B " (PSTPH2/ k 1> 
4 1 6 . 6 3 1 . 3 PEBPH2 
5 1 3 3 3 . 2 P E B 

Results and D i s c u s s i o n . The p l o t s i n Figure 8 represent the 
conversion obtained i n a f i x e d bed r e a c t o r f o r various c a t a l y s t 
loadings, assuming that no membrane i s present. The c a t a l y s t d ensity 
of a c a t a l y t i c membrane about 5 microns t h i c k would be on the order 
of 0 . 0 1 1 gr/cc or smaller. The conversion obtained at that c a t a l y s t 
d e n s i t y would not be a t t r a c t i v e i f a s i n g l e stage r e a c t o r i s to be 
employed. Moreover, i f one requires that the c a t a l y t i c membrane be 
permselective, the amount of c a t a l y s t that would be p l a y i n g an 
e f f e c t i v e r o l e i n the r e a c t i o n would be smaller than the c a t a l y s t 
contained i n the t o t a l membrane. The a c t i v i t y of the exposed surface 
of a permselective membrane i s not s u f f i c i e n t l y l a r g e to permit one 
t o achieve an a t t r a c t i v e conversion i n a s i n g l e stage r e a c t o r . 

The amount of hydrogen that d i f f u s e s through the membrane can 
be adjusted by varying the p a r t i a l pressure of t h i s component on the 
sweep side of the r e a c t o r . The curves i n Figure 9 i n d i c a t e that the 
g r e a t e r the amount of hydrogen removed, the higher i s the conversion 
achieved i n the r e a c t o r under the same c o n d i t i o n s . The f a c t that 
r e a c t i o n 3 i s e q u i l i b r i u m l i m i t e d c o n s t r a i n s the performance f o r a 
conventional t u b u l a r r e a c t o r . At 6 0 0 ° C under c o n d i t i o n s s i m i l a r t o 
those used f o r Figure 9 , i n a conventional reactor conversion i s 
l i m i t e d t o about 77%. The permselective membrane r e a c t o r permits one 
t o by-pass t h i s l i m i t a t i o n . With t h i s reactor conversions higher 
than the thermodynamic " c o n s t r a i n t " can be achieved, i . e . , f o r a 80 
cm-long r e a c t o r f o r which the p a r t i a l pressure of the hydrogen on 
the sweep sid e i s 0 . 0 0 1 atm, the conversion obtained i s 0 . 9 0 (not 
shown on the f i g u r e ) . 

Figure 1 0 contrasts the conversion obtained with a conventional 
r e a c t o r to that conversion obtained with a permselective r e a c t o r 
when the p a r t i a l pressure of the hydrogen on the sweep sid e i s 0 . 0 2 
atm. I t can be seen that the d i f f e r e n c e i n conversion between the 
two systems increases as the temperature i n c r e a s e s . An important 
o p e r a t i o n a l l i m i t a t i o n i s imposed by the s i n t e r i n g temperature f o r 
the membranes. I t should be noted that t h i s f a c t o r i s not considered 
s i n c e the membranes are assumed to be s t a b l e . 

The major impact of t h i s process i s r e f l e c t e d i n the r e a c t i o n 
s e l e c t i v i t y , which i s a very important i n d i c a t o r of r e a c t o r 
performance. The s e l e c t i v i t y increases as the recovery of the 
hydrogen produced increases. This r e s u l t i s due to the f a c t that 
r e a c t i o n 5 i s suppressed as hydrogen i s removed. Figure 1 1 c o n t r a s t s 
the packed bed and membrane reactors i n terms of s e l e c t i v i t y at 
three d i f f e r e n t temperatures. As the temperature increases the 
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Support ID 3/8' 
^ ^ ^ ^ ^ ^ 

Ethyl Benzene 
Inert 

Gas Feed: 5 cc/s 
Inert Molar Ratio: 10 

F i g u r e 7. 

Hydrogen Outside partial Pressure: 0.02 atm 
Knudsen Diffusion 

0.11 g of catalyst/cc void volume 

P e r m s e l e c t i v e Membrane R e a c t o r . 

a ο 
1 I 
Ο 

Ο 

.001 

.0001 

Cataltyst 
Density 

Reactor Length, cm 

F i g u r e 8 . D e p e n d e n c e o f t h e c o n v e r s i o n o n t h e c a t a l y s t d e n s i t y 
( g r - c a t a l y s t / c c - v o i d ) . B a s e c a s e . No r e m o v a l o f h y d r o g e n o c c u r s 

b y d i f f u s i o n ; T e m p e r a t u r e = 6 0 0 ° C . 
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0.80 

0.554 . , . 1 
30 40 50 

Reactor Length, cm 

Figure 9. E f f e c t of the p a r t i a l pressure of the hydrogen on the 
sweep sid e (atm) on the conversion. 

1.0 

0.0 H > 1 > 1 • 1 ' 1 > 1 
0 10 20 30 40 50 

Reactor Length, cm 

Figure 10. Combined dependence of the conversion on the 
temperature (°C) and on the p a r t i a l pressure of the hydrogen on 
the sweep sid e (atm) . 
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1.0 

0.7 H ' ι • 1 • 1 • 1 « 1 
0 10 20 30 40 50 

Reactor Length, cm 

Figure 11. Combined dependence of the s e l e c t i v i t y t o styrene on 
the temperature (°C) and on the p a r t i a l pressure of the hydrogen 
on the sweep side (atm). 
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s e l e c t i v i t y decreases. However, the e f f e c t of temperature on the 
s e l e c t i v i t y f o r the permselective membrane rea c t o r i s not as d r a s t i c 
as t h a t f o r the conventional r e a c t o r . Combining the r e s u l t s shown on 
Figures 10 and 11, f o r operation at 600°C , one p r e d i c t s that i n the 
best case ca. 15% improvement i n the y i e l d can be achieved when a 
permselective membrane reactor i s used. 

We are c u r r e n t l y i n the process of producing a new generation 
o f ceramic membranes which are intended t o have smaller pore s i z e s , 
higher s p e c i f i c surface areas, and improved p e r m s e l e c t i v i t i e s . These 
new membranes are being designed to operate at temperatures near 
600°C. The use of a permselective membrane f o r the dehydrogenation 
of ethylbenzene can have a great impact not only on the conversion 
achieved but more importantly on the s e l e c t i v i t y of the r e a c t i o n 
network. 
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Legend of Symbola 

A Pre-exponential f a c t o r i n rate constant 
E a A c t i v a t i o n energy 
K3 E q u i l i b r i u m constant f o r r e a c t i o n 3 
Pi P a r t i a l pressure of component i 
p t o t T o t a l pressure 
r H 2 0 Steam t o o i l molar r a t i o 
δ Η 2 F r a c t i o n hydrogen removed 
ξ Extent of r e a c t i o n 3 
Subscripts 
EB Ethylbenzene 
H2 Hydrogen 
ST Styrene 
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Chapter 20 

Novel Oxidative Membrane Reactor 
for Dehydrogenation Reactions 

Experimental Investigation 

Renni Zhao, N. Itoh, and Rakesh Govind 

Department of Chemical Engineering, University of Cincinnati, 
Cincinnati, OH 45221 

The use of a membrane reactor for shifting equilibrium 
controlled dehydrogenation reactions results in increased 
conversion, lower reaction temperatures and fewer by
-products. Results will be presented on a palladium membrane 
reactor system for dehydrogenation of 1-butene to butadiene, 
with oxidation of permeating hydrogen to water on the 
permeation side. The heat released by the exothermic 
oxidation reaction is utilized for the endothermic 
dehydrogenation reaction. 

Application of membranes in reactors to enhance the reaction yield and 
conversion has been recognized in recent years.Various configurations for 
membrane reactors have been proposed and studied in the literature(l). 
One of these configurations involves a permselective membrane which 
selectively separates the reaction product(s) to enhance the conversion of 
equilibrium limited reactions, such as hydrogénation or dehydrogenation of 
hydrocarbons. Other potential advantages include lower reaction 
temperature thereby reducing effect of by-product reactions resulting in 
fewer by-products, and lower separation and recycle costs. 

In this paper experimental studies have been conducted on an 
oxidation palladium membrane reactor for dehydrogenation of 1-butene to 
butadine . Since only hydrogen permeates through a palladium membrane, 
separation and and hence shifting of the reaction to the products is 
achieved without any loss of the reactant. Furthermore, palladium is a good 
conductor of heat, thereby allowing the heat evolved from the exothermic 
oxidation reaction (permeating hydrogen to water) on the permeation or 
separation side to flow across the membrane to the reaction side . This heat 
coupling between an exothermic oxidation reaction and an endothermic 
dehydrogenation reaction allows the reactor to operate adiabatically. 

Background 

The use of palladium-based membranes results from the 1866 discovery by 
Thomas Graham(2) that metallic palladium absorbs an unusually large 
amount of hydrogen. Hydrogen permeates through Pd-based membranes in 
the form of highly active atomic hydrogen which can react with other 

0097-̂ 156/90/0437-0216$06.00/0 
© 1990 American Chemical Society 
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compounds adsorbed on the catalyst surface. The use of palladium 
membranes gained importance from increased application of membrane 
based separation in the field of chemical processing, biotechnology, 
environmental control and natural gas and oil exploration(3). It is reported 
that palladium-based membrane reactors have been used to some extent in 
the industrial production of chemicals and pharmaceuticals in the Soviet 
Union(4). 

One of the earliest applications of membrane to shift equilibrium was 
developed by Wood(5) (1960). He showed that by imposing a non-
equilibrium condition on a hydrogen-porous palladium silver alloy 
membrane, an otherwise stable cyclohexane vapor is rapidly 
dehydrogenated to cyclohexene. 

The idea of conducting hydrogénation and dehydrogenation reactions 
simultaneous on opposite surfaces of a membrane, which is selectively 
permeable to hydrogen, was first presented by Grgaznov et α(6)(7). 

Itoh et ai(8). studied dehydrogenation of cyclohexane in a palladium 
membrane reactor containing a packed bed of Pt/A^Os catalyst. The 
removal of hydrogen from the reaction mixture using the palladium 
membrane increased the conversion from the equilibrium value of 18.7% to 
as high as 99.5%. It was shown that for given rates of permeation and 
reaction, there is an optimum thickness of membrane, at which maximum 
conversion is obtained. 

In a separate parametric study, Mohan and Govind(l)(9) analyzed 
the effect of design parameters, operating variables, physical properties 
and flow patterns on membrane reactor. They showed that for a membrane 
which is permeable to both products and reactants, the maximum 
equilibrium shift possible is limited by the loss of reactants from the 
reaction zone. For the case of dehydrogenation reaction with a membrane 
that only permeates hydrogen, conversions comparable to those achieved 
with lesser permselective membranes can be attained at a substantially 
lower feed temperature. 

Ilias and Govind(lO) have reviewed the development of high 
temperature membranes lor membrane reactor application. Hsieh(4) has 
summarized the technology in the area of important inorganic membranes, 
the thermal and mechanical stabilities of these membranes, selective 
permeabilities, catalyst impregnation, membrane/reaction considerations, 
reactor configuration, and reaction coupling. 

Recently, Itoh and Govind(n) have reported a theoretical study of 
coupling an exothermic hydrogen oxidation reaction with dehydrogenation 
of 1-butene in an isothermal palladium membrane reactor. 

Other studies on dehydrogenation reaction, such as decomposition of 
hydrogen sulfide, have been conducted with porous membranes such as 
Vycor glass, and alumina(Fukada et α/.(12), Kameyama et α/.(13)(14) ), 
Raymont(15) has suggested the decomposition of abuntantly available 
hydrogen sulfide as a possible means for generating hydrogen. It is known 
that a palladium membrane can enhance the conversion of a 
thermodynamically limited dehydrogenation reaction. 

Model Development 

A schematic of a palladium membrane reactor is shown in figure 1. The 
reversible reaction of 1-butene dehydrogenation occurs on the reaction side 
of the membrane in which the chrome-alumina catalyst is uniformly 
packed. The oxidation of hydrogen with oxygen in air occurs in the 
permeation or separation side on the palladium membrane surface. The 
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palladium membrane acts as a catalyst for the oxidation reaction. The 
hydrogen produced by the dehydrogenation reaction permeates through 
the palladium membrane and then reacts with the oxygen on the 
permeation side. The dimensionless model equations governing the 
membrane reactor are essentially differential material and energy 
balances for each side of membrane and are summarized in Table I. 

In this model the follow simplifying assumption have been made: 

3. Negligible radial gradients of temperature and concentration; 
4. Negligible pressure drop on either side of membrane; 
5. The heat and mass transfer resistances, aside from the 

permeation process itself, are negligible. 
Plug flow conditions exist at high Reynolds numbers typically found 

in flow through packing or small radius tubes. In a permeator, the 
convection flow dominates over the diffusion flow i.e. a high Peclet number 
can be expected in a reactor with a membrane. Moreover, the pressure drop 
in a packed bed is usually a small fraction of the total pressure and can be 
neglected without significant error. 

Experimental Method 

In the experimental study, the reactor, schematically shown in Fig.2, 
consisting of two separate rectangular parts with a 90 mm length, 25 mm 
width and 25 mm depth groove. The palladium membranedOO mmX33 mm 
and 0.025 mm thickness) held in place by two pieces of gasket which have a 
80 mmX 20 mm rectangular hole in the center, is sandwiched between the 
two reactor parts. Six thermocouples were located along the length of 
reactor to determine the temperature profile inside the reactor. The 
reversible reaction of 1-butene dehydrogenation occurred on the reaction 
side of membrane where chrome-alumina catalyst was uniformly packed. 
The oxidation of hydrogen with air occurred on the palladium surface on the 
other side of membrane, referred to as the permeation (or separation) side. 
The palladium membrane acts as the catalyst during the oxidation. This 
surface reaction of oxidation decreases the hydrogen concentration on the 
separation side , thereby increasing the permeation of hydrogen through 
the membrane. Further, heat liberated by the exothermic oxidation 
reaction on the separation side flows across the membrane and facilitates 
the endothermic dehydrogenation reaction, thereby increasing the reaction 
rates. (See Table II.) 

A schematic of the experimental apparatus is showed in figure 3. The 
feeds of 1-butene, argon and 10% oxygen and nitrogen mixture were 
supplied from gas cylinders. The flow rates are measured by mass flow 
meters individually. The down stream flow rate on the permeation side 
chamber is open to the atmosphere, thereby maintaining the permeation 
side at atmospheric pressure. The products of dehydrogenation and 
oxidation were analyzed correspondingly using FID or TCD detector. The 
detector signal was monitored by an on-line microcomputer. 

Results and Discussion 

Measurement of reaction rate constant. The disappearance rate of 1-butene 
can be expressed by the following rate expression(16): 

1. 
2. 
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Table I Basic Equations Developed for the Membrane Reactor System 

Mass Balance 
Reaction Side (L>0) 

duc Λ l 
— « - f t ^ U - g - » / , (1) 

Γ 

J r τ Ρ Ρ 
= D o » e r p { e r ( l - l ) } / r -1% exp{tp(l-^ )><V-^ - V - ^ ) (2) dL 

UD=\-UC (3) 

t/7 = D/ p ( constant for inert gas ) (4) 

Separation Side (L>0) 

^ = 1* ^ { ε , Π - i )}( Sf- - V ^ i » - 2 i)a> < e , ( l - 1 )>f. 

V° = — V° = D / = — V = V ° = 0 θ = 1 

Rate Equations 

(5) 

V 0 = V»0 + ( l + UH+ VH-UC- U°„- V°H)I2 (6) 

V„ = 2<v£-Vr 0 ) (7) 

Vj=DIa (constant for inert ga») (8) 

Initial Conditions (L=0) ~ — 

Reaction Side, 

£ / c = l , i/y = D / r = - i ; , ^ = ^ = 0 ,^=1 (9) 

Separation Side 

(10) 
action Side 

f = — (11) 
r P f d + l ^ l O p ^ + 1.263 p™)2 

Separation Side 

PH2PO 

f. = 7^ 0 » 
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Air 

Feed 

# — L * surface oxidation 
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P d m e m b r a n e 

H g permeation 
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/ P E R M E A T I O N SIDE 

P d m e m b r a n e 

Bilk Ν 

~- heat t r a n s f e r 

, R E A C T I O N SIDE 
Ν 

Bilk Ν 

~- heat t r a n s f e r 

, R E A C T I O N SIDE 
Ν 

c a t a l y s t p a c k e d d e h y d r o g e n a t l o n 

Figure 1 Schematic of Membrane Reactor 

Water 

Product 

purge gas in 

feed in 

t h e r m o c o u p l e 

permeation side palladium membrane 

reaction side catalyst 

purge gas + Η 2 out 

feed out 

t h e r m o c o u p l e 

Figure 2 Structure of Membrane Reactor 
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Table Π Experimental System Parameters 

Membrane materai 
Membrane Dimension 
Type of Catalyst 

Porosity of Catalyst 
Catalyst weight 
System Temperature 
System Pressure 

Reaction side 
Permeation side 

Feed Flow Rate 
Reaction side 
Permeation side 

Feed Composition 
Reaction side 

permeation side 

99.9% Palladium Foil 
100mm X 33mm X 0.025mm 
Chromium (III) Oxide on 
Alumina 
0.30 ml/g 
47.12 g 
350 <>C — 450 °C 

1 atm 
1 atm 

5 -
10-

- 45 ml/min 
—140 ml/min 

Pure 1-butene or 1-butene 
and Argon Mixture 

Argon or 10 % Oxygen 
Mixture 
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'r= W e " - < i W * ) l / 2 ] 

where K p φ ά and Κ are respectively the reaction rate constant, 
adsorption denominator and the reaction equilibrium constant. 

l 
φ = 

(1+ l ^ l O p ^ + 1.263 pD
l/2 )2 

and 

K = — 

The reaction equilibrium constant is calculated from thermodynamic 
data(17). 

= 1.966 X10Uexp[ ] Pa 
RT 

The rate constant was independently measured by using a 
differential reactor packed with chrome-alumina catalyst particles. Before 
reaction, the catalyst was treated with 10 % oxygen mixture gas for 1 hour 
and then with argon for about half hour at the reaction temperatures. This 
pretreatment is to regenerate the catalytic activity of the catalyst which 
had been deactivated due to coke deposition in the previous run. Either 
pure 1-butene or mixture of 1-butene and argon was fed into the reactor. 
The output stream was sampled and analyzed for the composition of the 
organic portion by a Perkin-Elmer 990 gas chromatograph equipped with a 
FED detector and a VZ-10 60/80 column. The conversions were calculated 
based on the mole fraction of butadiene in the exit stream. This data was 
further analyzed to determine the rate constant. The experiment was 
carried out at several different input conditions and reaction temperatures. 
Figure 4 shows the Arrhenius plot of the obtained reaction rate constant for 
1-butene dehydrogenation. The rate constant is given by : 

Κ =3.199Xl05expl ] 
f RT 

For the case of determining the rate constant of hydrogen with 
oxygen on the palladium surface, direct reaction of oxygen and hydrogen 
takes place around 500 °C(18) and the reaction occurs mostly on the surface 
of the vessel. Leder and Butt(19) studied the reaction between hydrogen 
and oxygen at 100 °C with a dilute platinum catalyst. For investigating the 
oxidation reaction rate, hydrogen was fed into the reaction side. When the 
reaction had attained the reaction temperature, the exit valve on the 
reaction side was shut off, thereby allowing the hydrogen to permeate 
through the membrane. 10% 0 2 mixture gas was introduced into the 
permeation side. The system pressure and flow rates were controlled and 
determined by mass flow meters. The products were analyzed by gas 
chromatograph with molecule series 5A column. Because of the catalytic 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
02

0

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



224 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

effect of palladium and high temperature, the oxidation reaction was 
extremely fast. Hydrogen absorbed on the palladium surface reacted 
immediately due to the presence of oxygen. The results show that the exit 
hydrogen flow rate on permeation side is almost zero since the oxidation 
reaction was completed immediately. Hence, it can be assumed that the 
concentration of hydrogen on the permeation side is zero ( V H = 0 ) at the 
reaction operating condition and proper mixture flow rate. 

Measurement of palladium membrane permeability. The permeation rate 
of hydrogen gas through the palladium membrane, Q H , was assumed to 
obey the half-power pressure law(20). The permeation flux of hydrogen 
through the membrane is proportional to the difference between the sauare 
roots of the hydrogen partial pressure on the high and low pressure sides of 
membrane. 

QH = Aq[iPh

H)y2-(Pl

H)v2VZ 

where q is the permeability of hydrogen through the membrane.. 
The hydrogen flow rate through the palladium membrane at various 

temperatures and differential pressures is shown in figure 5. The 
permeation rate increases with increasing pressure differential across the 
membrane and the temperature. In figure 6, the permeability of hydrogen 
through the palladium membrane increases with temperature. The 
permeability of hydrogen through a palladium membrane can be expressed 
as: 

q = 2 . 5 7 8 X 1 0~ 5É3cp[ ] moUimhatm irz) 
Τ 

Comparison of Experimental Data and Simulation Results. For the case of 
isothermal operating condition without oxidation on separation side, the 
experimental results and the corresponding calculated curves are shown as 
plots of conversion versus flow rate of 1-butene, at different flow rate of 
purge gas, in figures 7-8. The equilibrium shift can be reached at low 
reactants flow rate. When there is a low reactant flow rate on reaction side, 
it is possible to double equilibrium conversion. As shown in Fig.9, 
conversion increases with increasing the purge gas flow rate and 
decreasing the reactant flow rate. At a fixed feed rate of 1-butene, it can be 
seen that increasing flow rate of purge gas results in higher conversion. 
This is due to the increasing permeation rate of hydrogen through the 
membrane from the reaction side to the separation side. When the purge 
flow rate is fixed, the conversion increases with decreasing flow rate of 1-
butene, due to increasing residence time of the reactant in the reactor. 

For the case of isothermal operating condition with oxidation on 
separation side, computer simulation shows that when the air dilution 
ratio is less than the theoretical demand ( Dis = 4.77), the conversion of 
reactant is less than 100%. When Dis is greater then 4.77, the conversion 
attained is 100%. When Dis was increased beyond 10,there was an 
insignificant increase in the conversion since the oxidation reaction rate 
became the controlling step. On the other hand, for a given Damkohler 
number on the separation side, Da s ° , the conversion increases with 
increasing air flow rate i.e., increasing value of Dis. In the region of Dis 
below 4.77, there is a maximum conversion for a given Damkohler number. 
Beyond this maximum point, there is no effect on the conversion for 
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0.0011 0.0012 0.0013 0.0014 0.0015 
1/T [1/K] 

Figure 4 Arrhenius Plot of the Observed Reaction Rate of 1-butene 
Dehydrogenation 

0.10 

driving force Vp7 - Vpp [atm1/2] 

Figure 5 Permeation Rate of Hydrogen through the Palladium 
Membrane 
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Ό" 
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Figure 6 
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Permeability of Hydrogen through the Palladium Membrane 
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Figure 7 Conversion Shift at Τ=721 Κ and 70 std cc/min Purge Gas 
Flow Rate 
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7 

1 H — — ι — , — , — r — , — , — r — — ι — - — τ — - — I 
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Figure 8 Conversion Shift at Τ = 7 2 1 Κ and 140 std cc/min Purge Gas 
Flow Rate 
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increasing Damkohler number. Figure 10. shows the equilibrium shift at 
T = 658K with hydrogen oxidation on the permeation siae. The solid line is 
the simulation result assuming that the hydrogen reacted immediately on 
the permeation side. For low reactant flow rate, equilibrium shift can be 
achieved. The deviation between experimental data and simulation results 
at low flow rate is perhaps due to the hydrodynamic resistance due to the 
catalyst and permeation through the membrane. 

Conclusion 

The feasibility of the palladium membrane system with an oxidation 
reaction on the permeation side and 1-butene dehydrogenation reaction on 
the reaction side in a membrane reactor has been successfully 
demonstrated. The palladium and its alloy membrane not only can 
withstand high temperature but also are selectively permeable to hydrogen 
and has catalytic activity for oxidation and dehydrogenation reactions. The 
oxidation reaction increases hydrogen flux through the membrane and 
supplies thermal energy for the endothermic dehydrogenation reaction. 
Nomenclature 
A membrane area m 2 

Da r ° Damkohler number for reaction side at T^, k r -G-P r

1 / 2 /u c ° 
Da s ° Damkohler number for separation side at T f t , k s-A*P s

3/u c° 
DI r ,DI s dilution ratio, u, 0 /^ 0 , v, 0/^ 0 

Ε activation energy, J / mol 
G total weight of catalyst, g 
k f rate constant of dehydrogenation, mol/(g-cat-s-P a

1 / 2) 
1̂  rate constant of oxidation, mol/(m 2 -s-P a

3 ) 
Κ equillibrium constant of dehydrogenation of 1-butene, Pa 
L dimensionless reactor length 

tffickness of membrane, m ζ 
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Greek symbols 
ε E/(RT0) 
θ T / T 0 

<fcd adsorption denominator 

Subscripts 
C reactant of dehydrogenation 
D product of dehydrogenation 
Η hydrogen 
i component i in reaction side stream 
I inert 
j component j in separation side stream 
Ο oxygen 
ρ permeation 
r reaction side 
s separation side 

water 

0(zero) indicate Τ =TQ 

Superscipts 
0(zero) indicate value at inlet condition 
h high pressure side 
1 low pressure side 
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Chapter 21 

Niobium Oxalate 
New Precursor for Preparation of Supported Niobium Oxide 

Catalysts 

Jih-Mirn Jehng and Israel E. Wachs 

Zettlemoyer Center for Surface Studies, Department of Chemical 
Engineering, Lehigh University, Bethlehem, PA 18015 

The aqueous preparation of supported niobium 
oxide catalysts was developed by using 
niobium oxalate as a precursor. The 
molecular states of aqueous niobium oxalate 
solutions were investigated by Raman 
spectroscopy as a function of pH. The 
results show that two kinds of niobium ionic 
species exist in solution and their relative 
concentrations depend on the solution pH and 
the oxalic acid concentration. The supported 
niobium oxide catalysts were prepared by the 
incipient wetness impregnation technique and 
characterized by Raman, XRD, XPS, and FTIR 
as a function of niobium oxide coverage and 
calcination temperature. The Raman studies 
reveal that two types of surface niobium 
oxide species exist on the alumina support 
and their relative concentrations depend on 
niobium oxide coverage. Raman, XRD, XPS, and 
FTIR results indicate that a monolayer of 
surface niobium oxide corresponds to ~ 19% 
Nb2O5 for an Al2O3 support possessing ~ 180 
m2/g. The surface niobium oxide phase is 
found to be stable to high calcination 
temperatures. 

Supported niobium oxide catalysts have recently been 
shown to be effective catalysts f o r many c a t a l y t i c 
reactions: pollution abatement, selective oxidation, 
hydrocarbon conversion, carbon monoxide hydrogénation, 
etc. [1] . In a previous study [2] , i t was shown that 
the presence of the surface niobium oxide phases retards 
the loss in surface area of the A I 2 O 3 and T 1 O 2 supports 
and stablizes the V 20 5/Ti0 2 system during high 
temperature treatments. The surface niobium oxide 
species on the A I 2 O 3 support was also found to possess 

0097-6156/90/0437-0232$06.00/0 
© 1990 American Chemical Society 
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21. JEHNG AND WACHS Niobium Oxalate 233 

strong Bronsted a c i d i t y [3]. These important properties 
impart the surface niobium oxide phase on the AI2O3 
support with a high hydrocarbon cracking a c t i v i t y at 
elevated temperatures. 

Niobium ethoxide [Nb(0C 2H 5) 5] has t r a d i t i o n a l l y been 
used as a precursor f o r the preparation of supported 
niobium oxide catalysts. This non-aqueous preparation 
method requires a controlled enviroment and special 
procedures to avoid the decomposition of the niobium 
ethoxide in the presence of moisture. It i s well-known 
that t r a n s i t i o n metal ions form a stable solution 
chelate with oxalate groups, and molybdenum oxalate [4] 
and vanadium oxalate [5] have been widely used f o r the 
aqueous preparation of supported molybdenum oxide and 
supported vanadium oxide catalysts. In the present 
study, niobium oxalate [Nb(HC 2 0 4 ) 5 ] was investigated as 
an aqueous precursor for the preparation of supported 
niobium oxide catalysts. 

EXPERIMENTAL METHODS 

Materials and Preparation Methods 

Niobium oxalate was supplied by Niobium Products Company 
with the following chemical analysis: 20.5% Nb 2 0 5, 790 
ppm Fe, 680 ppm S i , and 0.1% insolubles. Niobium 
oxalate was dissolved into a constant concentration of 
aqueous oxalic acid solution, and the pH of the solution 
was varied from 0.50 to 5.00 by adding ammonium 
hydroxide. The supported niobium oxide on A1 2Û3 
catalysts were prepared by the incipient-wetness 
impregnation method using the niobium oxalate/oxalic 
acid aqueous solution and A1 20 3 (Harshaw, 180 m2/g) . The 
samples were dried at 110-120°C for 16 hours, and then 
calcined at 500°C under flowing dry a i r f o r 16 hours. 

Raman Spectroscopy 

Raman spectra were obtained with a Spex Triplemate 
spectrometer(Model 1877) coupled to an EG&G int e n s i f i e d 
photodiode array detector cooled thermoelectrically to 
-40°C, and interfaced with an EGfcG 0ΜΑ III Optical 
Multichannel Analyzer(Model 1463). The samples were 
excited with the 514.5nm Ar+ laser. The beam was 
focused on the sample illuminator where the sample 
t y p i c a l l y spins at about 2000 rpm to avoid local 
heating. The Raman scattering was collected by the 
spectrometer, and analyzed with an 0ΜΑ III b u i l t - i n 
software package. The overall spectral resolution of 
the spectra i s about 2 cm"1. 

X-Ray Powder D i f f r a c t i o n (XRD) 

The c r y s t a l l i n e Nb 20s phase in the supported niobium 
oxide catalysts was detected by an APD 3600 automated X-
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234 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

ray powdered di f fractometer using Cu KQ (45KV, 30MA) 
radiation. The ND2O5/AI2O3 samples were calcined at 700°C 
to increase the ND2O5 p a r t i c l e size and enhance the XRD 
signals. 

X-Ray Photoelectron Spectroscopy (XPS) 

XPS experiments were performed on a Physical Electronic 
Instruments ESCA/AUGER system. The samples were placed 
on the sample holder at a 45° angle to the entrance of 
analyzer and the system was evacuated to 10~9 - 10"10 Torr. 
The XPS spectra were calibrated against the Au 4f 7/ 2 peak 
using the Mg Ka line as the X-ray exciting radiation. 

C0 2 Chemisorption 

The CO2 uptake of supported niobium oxide on AI2O3 at 
diff e r e n t ND2O5 loadings was measured with a Quantasorb 
BET apparatus using a 1:9 ratio of C02/He mixture gases. 
The samples were degassed at 250°C f o r 2 hours under 
flowing He, and the C0 2 chemisorpt ion was performed at 
room temperature. 

REgVLTg AND DISCUSSION 

Niobium oxide reference compounds 

The Raman spectra of several niobium oxide compounds, 
with t h e i r corresponding symmetry and coordination, are 
shown in Figure 1. The Nb6019~8 unit i s a well-
characterized structure which consists of three 
d i f f e r e n t types of Nb-0 bonds at each niobium center: a 
short Nb=0 terminal double bond, a longer Nb-O-Nb 
bridging bond, and a very long and weak Nb 0 single 
bond connected to the center of the cage-like octahedral 
structure [6-8] . From the known structure of K 8Nb 60 1 9 

the main frequencies of the K 8Nb 60 1 9 Raman spectrum in 
Figure 1 can be assigned: Nb=0 terminal stretching mode 
(903, 879, and 831 cm-1), corner or edge-shared 
octahedral Nb06 stretching mode (734, 537, and 463 cm-1) , 
Nb=0 bending mode (289 cm"1) , and Nb-O-Nb bending mode 
(223 cm-1) . The multiple terminal stretching modes 
present in the high wavenumber region are due to 
distort i o n s present in the K 8Nb 60 1 9 structure. Niobium 
pentoxide, Nb 20 5 , possesses a more order octahedral 
structure with no Nb=0 terminal bonds, and a major band 
appears at 690 cm-1 which i s characteristic of an 
octahedral Nb06 stretching mode as well as Nb-0 and Nb-
O-Nb bending modes at ~300 cm-1 and ~230 cm-1, 
respectively. For the niobium oxalate precursor a sharp 
and strong Raman band i s present at 958 cm-1 due to a 
Nb=0 terminal bond and the associated bending modes 
appear in the 200-400 cnr* region. The Raman band at 
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21. JEHNGANDWACHS Niobium Oxalate 235 

~570 cm-1 arises from the bidentate oxalate 1igands 
coordinated to the niobium [9,10]. The Raman 
frequencies of the reference compounds are tabulated in 
Table 1. 

Niobium Oxalate Aqueous Solutions 

Niobium oxalate has a low s o l u b i l i t y in aqueous 
solutions, but i t s s o l u b i l i t y can be dramatically 
increased by the addition of oxalic acid to the aqueous 
solutions. At high oxalic acid concentrations, however, 
the niobium oxalate and oxalic acid precipitate from 
solution. The s o l u b i l i t y curve of niobium oxalate in 
aqueous solutions i s shown in Figure 2 as a function of 
the oxalic acid concentrations. Figure 3 shows a series 
of Raman spectra of the niobium oxalate in aqueous 
oxalic acid solutions with varying pH (0.50 to 5.00). 
At low pH (<3.00), Two peaks are observed in the 900-
1000 cnr1 region which are c h r a c t e r i s t i c of Nb=0 terminal 
stretching modes. The behavior of these two peaks with 
pH variation suggests that two niobium oxalate species 
exist in solution. The associated bending modes appear 
in 200-400 cnr1 region. A Nb-0 2-C 2 breathing mode also 
appears at ~570 cm-1. At high pH (>5.00), two new Raman 
bands form at ~670 cm-1 and ~220 cm-1 which indicate the 
formation of hydrated Nb205. 

It i s known that the niobium oxide complexes in 
oxalic acid aqueous solutions display an e q u i l i b r i a 
between two ionic species containing 2 or 3 oxalate 
groups which depend on the solution pH and the oxalic 
acid concentration [11,12]. Thus, the two Nb=0 terminal 
bonds appearing in the aqueous Raman spectra are 
assigned to the two different niobium oxalate ionic 
species present in the solution. The Raman spectra also 
show that the re l a t i v e intensity of two Nb=0 bands, ~910 
cm-1 and ~930 cm-1, changes with increasing pH. When 
ammonium hydroxide i s added to the solution, the niobium 
oxalate species with 3 oxalate groups starts to 
hydro lyze to 2 oxalate groups as one of the oxalate 
groups i s replaced by OH groups. This results in an 
increase in intensity of the ~910 cm-1 Nb=0 band with 
increasing solution pH. Increasing the pH to about 5.00 
by further addition of ammonium hydroxide causes the 
niobium oxalate species to hydrolyze and coagulate to a 
hydrated Nb 20 5 precipitate. The aqueous solution 
chemistry of niobium oxalate i s shown below: 
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236 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

T a b l e 1: Raman f r e q u e n c i e s o f b u l k n i o b i u m o x i d e 
compounds 

Wavenumber (cm~l) 

Vibrational 
Modes 

K 8 N b e 0 1 9 N b 2 0 5 N b ( H C 2 0 4 ) 5 

*(Nb=0) 903,879,831 - 958 

v(Nb0 6) 
734 
537 
463 

690 -

„ ( N b 0 2 C 2 ) - - 572 

i(Nb-O) 289 302 284 

j(Nb-O-Nb) 223 238 243 

j-φΛ K 8 N b 0 0 i u A / \ 

0 

c 

Ο Ο f\ 
χ I / O - . I / 0 / Ν 

Nb Nb / 

ο ô / 

V N b . 2 0 0 (500°C) 

J 

0 
X \ I l / X 
x r x 

I (X: H C . O J 

N b ( H C 2 0 4 ) 5 / 

A^J 
ι ι ι 1 1 I ι ι ι ι 

1200 1000 800 600 400 200 

Raman Shift (crrr*) 

F i g u r e 1: The s o l u b i l i t y o f n i o i b u m o x a l a t e i n s o l u t i o n 
a s a f u n c t i o n o f o x a l i c a c i d a d d e d . 
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0 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Γ 

0.00 0.05 0.10 0.15 

Weight Fraction of Oxalic Acid 

Figure 2 : Raman spectra of bulk niobium oxide 
compounds. 

Raman Shift (cm' l ) 

Figure 3 : Raman spectra of niobium oxalate in oxalic 
acid solution as a function of pH from 0 .5 to 5 . 0 0 . 
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Equilibrium 

Hydrolysis 

V7 
0 = N b 

IS 
+ C 20 4 

P o l y m e r i z a t i o n 

20H 
0 = N b C 

2 0 H 
NJ%0«(S) 

Supported Niobium Oxide on Alumina, 

The Raman spectra of supported niobium oxide on alumina 
are shown in Figure 4 as a function of Nb 2 0 5 loading. 
The nature of the supported niobium oxide phase i s 
determined by comparison of the Raman spectra of the 
supported niobium oxide samples with those of niobium 
oxide reference compounds. The Raman features of 1 - 2 2 % 
Nb 2 0 5/Al 2 0 3 samples are different than the bulk niobium 
oxide compounds due to the formation of a two-
dimensional surface niobium oxide overlayer on the 
alumina support [ 2 ] . At low surface coverages (<8% 
N b 2 0 5 / A l 2 0 3 ) , the weak and broad Raman band in the 8 9 0 -
9 1 0 cm-1 region i s present due to a distorted octahedral 
(approaching square-pyramidal) surface niobium oxide 
species possessing Nb=0 bonds, and the mode at ~ 2 3 0 cnr1 

is c h a r a c t e r i s t i c of a Nb-O-Nb linkage. At high surface 
coverages (>8% N b 2 0 5 / A l 2 0 3 ) , an additional Raman band at 
~ 6 3 0 cm*1 i s also present due to a s l i g h t l y distorted 
octahedral surface niobium oxide species. The Raman 
studies reveal that two types of surface niobium oxide 
species exist on the alumina support, and that t h e i r 
r e l a t i v e concentrations depend on the surface niobium 
oxide coverage. 

A series of supported niobium oxide on alumina 
catalysts, 0 - 4 5 % N b 2 0 5 / A l 2 0 3 , were further characterized 
by XRD, XPS, C 0 2 chemisorption, as well as Raman 
spectroscopy in order to determine the monolayer content 
of the N b 2 0 5 / A l 2 0 3 system. The t r a n s i t i o n from a two-
dimensional metal oxide overlayer to three-dimensional 
metal oxide p a r t i c l e s can be detected by monitoring the 
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*1 1 1 1 1 1 1 1 1 1 1 — 

1200 1000 80ff 600 400 200 
Riimun Shift (crrr*) 

Figure 4 : Raman spectra of Nb 205/Al 20 3 ( 5 0 0 ° C ) as a 
function of niobium oxide coverage. 

(Nb/Al) g ratios in such systems with XPS because of 
the vastly different XPS cross-sections of these two 
phases [ 1 3 ] . The (Nb/Al) s u r f a c e ratios of the niobium 
oxide on the alumina support were obtained by 
integrating the areas of the Nb 3 d 3 / 2 , 5 / 2 and the Al 2p 
photoelectron lines, and the (Nb/Al) u r f a c vs. (Nb/Al) b u j k 

curve i s shown in Figure 5. The Sreak in the curve 
corresponds to ~ 1 9 % N b 2 0 5 / A l 2 0 3 and suggests that the 
tra n s i t i o n from a two-dimensional phase to three-
dimensional p a r t i c l e s , monolayer coverage, occurs at 
t h i s point. This conclusion i s supported by XRD 
measurements which only detect c r y s t a l l i n e Nb 20 5 

p a r t i c l e s above 1 9 % N b 2 0 5 / A l 2 0 3 , and C0 2 chemisorpt ion 
measurements (see Figure 6) which indicate that the 
basic alumina hydroxyls have been removed by the niobium 
oxide overlayer [ 1 4 , 1 5 ] . The s l i g h t increase in the C 0 2 

chemisorpt ion above 1 9 % Nb 20 5/Al 20 3 i s due to C0 2 

chemisorption on the c r y s t a l l i n e Nb205 p a r t i c l e s . The 
Raman spectra in Figure 7 reveal that the 6 3 0 cm-1 band 
of the surface niobium oxide phase begins to s h i f t 
towards the 6 9 0 cm"1 band of c r y s t a l l i n e Nb 2 0 5 above 1 9 % 
Nb 2 0 5/Al 2 0 3 due to the presence of c r y s t a l l i n e Nb 20s 
p a r t i c l e s . Thus, XPS, XRD, C 0 2 chemisorption, and Raman 
a l l demonstrate that a monolayer of surface niobium 
oxide on alumina , ~ 1 8 0 m2/g, corresponds to ~ 1 9 % 
N b 2 0 5 / A l 2 0 3 . 
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20.0 

0.0 20.0 40.0 60.0 80.0 100.0 

[ N b / A I ] b u l k (x 100) 

Figure 5: Raman s h i f t s of ND2O5/AI2O3 (700°C) as a 
function of niobium oxide coverage. 

4.0 

0 10 20 30 40 

N b 2 0 5 Loading (wt%) 

Figure 6: XPS intensity ratios of (Nb/Al) as a 
function of (Nb/Al) C e 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
02

1

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



21. JEHNG AND WACHS Niobium Oxalate 241 

τ 1 1 1 ι 1 1 1 Γ 

1200 1000 800 600 400 200 

Raman Shift (cnr*) 

Figure 7: C0 2 uptake of ND2O5/AI2O3 (500°C) as a function 
of niobium oxide coverage. 
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Chapter 22 

Redox Cycle During Oxidative Coupling 
of Methane over PbO-MgO-Al2O3 Catalyst 

Alvin H. Weiss1, John Cook1, Richard Holmes1, Natka Davidova2, 
Pavlina Kovacheva2, and Maria Traikova2 

1Department of Chemical Engineering, Worcester Polytechnic Institute, 
Worcester, MA 01609 

2Institute of Kinetics and Catalysis, Bulgarian Academy of Sciences, 
1040 Sofia, Bulgaria 

The partial oxidation of methane to ethane in a great 
oxygen deficiency was studied at 700, 770, and 820° C 
at methane to oxygen ratios of 10:1, 20:1, 50:1, 500:1, 
and infinity (no oxygen). W/F was 7.6, 20.3, and 
41.3 ghr/mole in a 10 mm ID quartz tube containing 1 g 
catalyst mixed with quartz sand. The catalyst was 
mixed oxide PbO-MgO-Al2O3 precipitated as crystals by a 
hydrotalcite preparation procedure and then oxidized at 
750°C for one hour. BET surface area was 20.8 m2/g 
before calcining, 8.7 after. DC Arc Plasma analysis 
confirmed equiatomic content of the metals. X-ray 
diffraction analysis showed that the calcined catalyst 
contained PbO in highly dispersed MgO - Al2O3 matrix. 
XRD showed that PbO was reduced durine reaction to 
inactive Pb when oxygen was present in the gas feed in 
quantities insufficient to oxidize hydrogen produced. 
The oxygen in PbO was used for reaction, thereby 
deactivating the catalyst. Subsequent oxygen treatment 
converted the Pb back to PbO and restored catalytic 
activity, thereby completing the redox cycle. Maximum 
yield of ethylene plus ethane at 10:1 CH4/O2 was 13.7%. 
No acetylene was observed, and ethylene/ethane ratios 
were less than one percent of the value predicted by 
thermodynamic calculation. This suggests, but does not 
prove, that ethylene was produced thermally, not 
catalytically, on this catalyst. 

In recent years the shortage of both ethylene and ethylene 
feedstocks has r e s u l t e d i n a search f o r a l t e r n a t e sources of these 
two commodities. Methane i s an obvious choice, since i t comprises 
up t o 85 mole 7. of the hydrocarbons i n n a t u r a l gas. 

0097-6156/90/0437-0243$06.00A) 
© 1990 American Chemical Society 
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A wide v a r i e t y of metal oxides were screened by K e l l e r and 
Bhasin ( i ) i n t h e i r pioneering i n v e s t i g a t i o n i n t o methane 
di m e r i z a t i o n . Since then, many c a t a l y s t s have been developed and 
t e s t e d (2-6). However, due t o the thermal s t a b i l i t y of methane, 
even i n the presence of o x i d i z e r s , conversion i s extremely low. To 
date, t o t a l y i e l d s of C2 products of 15 t o 207. (2, 4) are 
considered high. 

Many d i f f e r e n t types of c a t a l y s t s have been employed, i n c l u d i n g 
both metal oxides, such as PbO ( 5 - 7 ) , which react i n a redox c y c l e 
t o Pb metal, and c a t a l y s t s containing metals with f i x e d valence, 
such as L i promoted MgO (2), which produce a c t i v e L i + 0 " s i t e s f o r 
methane d i m e r i z a t i o n . Such c a t a l y s t s were discussed i n f o u r papers 
at the recent Ninth I n t e r n a t i o n a l Congress on C a t a l y s i s (8). The 
most e f f e c t i v e c a t a l y s t s have s e v e r a l common t r a i t s . Low surface 
area has been found t o be very important (2, 9) i n the conversion 
of methane. Also of importance i s the b a s i c i t y of the c a t a l y s t . 
(However, not every b a s i c material causes C2 formation.) 

Iwamatsu, et a l (9), have shown th a t , i n the absence of PbO, 
C2 y i e l d increases from 4.4 to 9.07. over MgO when surface area i s 
c a l c i n e d from 70 to 17 m2/g. S i m i l a r e f f e c t s were shown on a l k a l i -
doped MgO, and the y i e l d s of C 2 over 7 m2/g 0.27. Na+-MgO, 27. K +-M§0, 
and 27. Cs+-MgO were 9.8, 13.2, and 8.27., i n that order. ( Y i e l d = 
(2x moles C 2 hydrocarbons produced)/(moles CH4 i n f e e d ) ) . 

Bytyn and Baerns (5) showed that the s e l e c t i v i t y obtained 
using supported PbO i n the absence of MgO depended on the a c i d i t y of 
the c a t a l y s t support. Y i e l d was best (157.) on S1O2 - ge l with 
pK^ = +6.8 and minimal (0.57.) on S1O2 - AI2O3 with pK^ = -5.6. 

Hinsen, et a l (6) showed an optimal e f f e c t of PbO on C2 
s e l e c t i v i t y , even though there was great l o s s of surface area during 
operation at 1013K. Lee and Oyama (10) have published an extensive 
review on o x i d a t i v e coupling of methane. 

In t h i s present work we show, by s t a r v i n g the r e a c t i o n f o r 
oxygen i n the gas phase, that PbO c a t a l y s t then provides oxygen. I t 
i s reduced to Pb°; and the c a t a l y s t d e a c t i v a t e s . The Pb° i s 
re a c t i v a t e d t o c a t a l y t i c PbO by o x i d a t i o n , thereby demonstrating the 
redox c y c l e . 
Experimental 

Catalyst. One c a t a l y s t , prepared to contain equi-atomic amounts of 
lead, magnesium, and aluminum, was prepared f o r t h i s study. 
Synthesis was accomplished by the h y d r o t a l c i t e preparation procedure 
reported by Reichle (12). I t i s a standard aqueous p r e c i p i t a t i o n 
and c r y s t a l l i z a t i o n procedure that avoids f i l t e r i n g and washing 
problems a s s o c i a t e d with g e l p r e c i p i t a t e s . A s o l u t i o n of Pb, Mg, and 
A l n i t r a t e s was added under a g i t a t i o n t o a s o l u t i o n of NaOH and 
Na2CU3 and maintained at 70°C f o r t h i r t y hours. This caused 
p r e c i p i t a t i o n of c r y s t a l l i n e m a t e r i a l . 

Before being used as a c a t a l y s t , the material was c a l c i n e d i n 
a i r at 750°C f o r 1.5 hours. A f t e r c a l c i n a t i o n , the c o l o r of the 
c a t a l y s t was b r i g h t yellow and a 257. weight l o s s was noted. BET 
surface areas of uncalcined and c a l c i n e d materials were 20.7 and 8.7 
nr/g, r e s p e c t i v e l y . 
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Bulk phase analyses of samples (both c a l c i n e d and uncalcined) 
were made using a Spectrametrics, Inc., SMI IV DC Arc Plasma 
Analyzer and snowed nominally 1:1:1 atomic r a t i o s of Pb:Mg:Al 
(1.00:1.05:0.92 and 1.00:1.15:0.69, r e s p e c t i v e l y ) . T h i s corresponds 
to a PbO:MgOAl 20 3 weight r a t i o of 0.710:0.128:0.162. The c a l c i n e d 
c a t a l y s t has no h y d r o t a l c i t e s t r u c t u r e , but i s r e a l l y M§ and A l 
oxides on a support of PbO. This i s shown by the x-ray d i f f r a c t i o n 
p a t t e r n of Figure 1, obtained using a General E l e c t r i c XRD-5 X-ray 
D i f f r a c t i o n U n i t . The c a l c i n e d material showed the existence of two 
polymorphous mo d i f i c a t i o n s of PbO (a-PbO and β-PbO) and low 
i n t e n s i t y c h a r a c t e r i s t i c s i g n a l s of α-ΑΙ^Οβ, γ - Α ^ Ο β , and MgO. 
Reaction. P u r i f i e d methane (99.07. min.), and ten percent oxygen i n 
helium were obtained from Matheson Corp.. Both CP helium and a i r 
(>99.9X) were supplied by A i r c o . A Hastings LF-50 mass flow meter 
was used to monitor the flow of helium i n t o the system. A i r flow 
r a t e was measured by a Matheson ALL-50 mass flow meter. The methane 
feed was monitored by a Hastings LF-100 mass flow meter. A l l eases 
were passed over D r i e r i t e and A s c a r i t e to remove moisture and CO2-

A ten-inch length of P o l y - F l o tubing connected the a i r - c o o l e d 
r e a c t o r o u t l e t to a water-cooled condenser - r e c e i v e r v e s s e l . The 
reac t o r was a two-foot-long piece of quartz tubing (OD = 12 mm 
ID = 10 mm). ( S t a i n l e s s s t e e l causes the complete o x i d a t i o n of 
methane during the methane a c t i v a t i o n process ( i ) . ) A 13.5 inch 
Lindberg heavy duty tube furnace was mounted v e r t i c a l l y around the 
r e a c t o r . Gas flow was downward. A d d i t i o n a l i n s u l a t i o n was used to 
p r o t e c t the surrounding area from the high temperatures generated 
and to reduce heat l o s s from the top due to f r e e convection. 
Experiments flowing helium through the empty r e a c t o r showed that a 
7 cm isothermal hot zone e x i s t e d s l i g h t l y above the center of the 
r e a c t o r . The temperature i n s i d e the r e a c t o r was w i t h i n 5°C of that 
outside. I t was i n t h i s region that the c a t a l y s t bed was placed. 
No measurements were made during r e a c t i o n to e s t a b l i s h e i t h e r true 
bed temperatures or the e f f e c t s of heat and mass t r a n s f e r . 

For a t y p i c a l experiment, 1 gram of c a t a l y s t sieved to 
- 2 0 + 4 0 mesh was d i l u t e d i n 7 grams of -50 + 70 mesh white quartz 
sand ( A l d r i c h ) to minimize exotherms. The c a t a l y s t bed was 
supported by a small plug of quartz wool. Two inches of quartz wool 
were a l s o placed above the c a t a l y s t bed. An 1/8 inch thermocouple 
was l o c a t e d at the center of the hot zone but outside of the 
r e a c t o r . The thermocouple was attached t o an Omega CN300 
temperature c o n t r o l l e r , which both d i s p l a y e d and c o n t r o l l e d the 
r e a c t o r temperature. 

The main set of experiments c o n s i s t e d of passing methane and 
oxygen over the atmospheric pressure c a t a l y s t bed at CH4/O0 r a t i o s 
of 10/1, 20/1, 500/1 and i n f i n i t y . The l a s t value corresponds to no 
oxygen present i n the feed. Three temperatures, 700°C, t o 770°C, 
and 820°C were studied at each r a t i o . W/F (grams of catalyst/mole 
of methane f e d per hour) was held constant at 7.6 c-hr/mole. (This 
corresponded to a methane flow r a t e of 55 cnç/min). In a l l t e s t s 
the t o t a l feed r a t e to the r e a c t o r was 104 cnr/min. This value was 
maintained through the use of helium as a make-up gas. 
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A second study examined the e f f e c t of varying methane W/F. 
Again, as the W/F f o r methane was .varied the t o t a l flow t o the 
c a t a l y s t bed was maintained at 104 cm 3/min. The W/F values examined 
were 7.6, 20.3 and 41.3 g-hr/mole. Methane t o O2 r a t i o was he l d 
constant at 10/1. 

When the r e a c t o r was at temperature, methane was d i v e r t e d t o 
the r e a c t o r and the f i r s t sample was taken a f t e r two minutes. 
Samples were taken every f i v e minutes on l i n e a f t e r t h a t . Once the 
c a t a l y s t had deactivated, methane flow was h a l t e d and the system was 
purged with helium f o r one hour. The re a c t o r was found to be etched 
a f t e r use. 

A i r at 26 cnr/min was fed to the r e a c t o r t o regenerate the 
c a t a l y s t . Again helium was used t o keep the t o t a l flow at 
104 cnr/min. Regeneration was allowed t o proceed f o r one hour, 
a f t e r wnich the r e a c t o r was e i t h e r taken o f f - l i n e i n order to x-ray 
the c a t a l y s t or was again purged with helium to prepare f o r a second 
methane r e a c t i o n . In the l a t t e r case, the r e a c t o r was purged with 
helium f o r one hour to remove oxygen from the l i n e s . A f t e r the 
helium purge was completed, methane was again f e d t o the r e a c t o r . 

Blank runs, i n which p o r c e l a i n chips were used t o f i l l the 
c a t a l y s t zone i n the quartz r e a c t o r , were made at 820°C. Methane 
at 10/1 CH4/O2 r a t i o (55 cc/min CH4 + 55 cc/min 107, O2 i n He) was 
1.57· converted at 1007· s e l e c t i v i t y t o ethane. No conversion of 
methane was measured i n the absence of Oo. Ethane conversion at 5/1 
CoHg/02 at a t o t a l gas r a t e of 82.5 cc/min over the p o r c e l a i n was 
85.07·; and s e l e c t i v i t i e s were 3.07· C0 2, 867· C9H4, and 117· CH 4. In the absence of O2, C^^Q w a s n o t g r e a t l y d i f f e r e n t , 787·; and 
s e l e c t i v i t i e s were 987· to C2H4 and 2% to CH4. This suggests that 
most of the ethylene i n the c a t a l y t i c methane runs that are the 
subject of t h i s paper was produced thermally, not c a t a l y t i c a l l y , 
from ethane formed by the d i m e r i z a t i o n . 

A check was made at 820° C of the behavior of ethane at 
5/1 C2Hg/U2 over one gram of the c a t a l y s t at 82.5 cc/min t o t a l . 
Conversion ranged from 65.5 to 81.87. at p r a c t i c a l l y 1007. s e l e c t i v i t y 
t o methane. The reason f o r no observation of C2H4 or CO2 i n the 
product i s not known. 

Reactor e f f l u e n t was continuously f e d to a 0.25 ml sampling 
loop located i n s i d e a Hewlett-Packard Model 2520 Gas Analyzer. 
Separation of the products was over two s e r i a l columns, 6' χ 1/8" 
Poropak Q 80/100 mesh, followed by 10 1 χ 1/8" molecular sieve 5A 
60/80 mesh. Thermal c o n d u c t i v i t y d e t e c t i o n was used with helium 
c a r r i e r gas. Columns were isothermal at 60°C. 
Results and Discussions 

Figure 2 shows that lower CH4/O2 values produce much greater 
conversions at the three temperatures studied. When the r a t i o was 
kept low, 10/1, 20/1, 50/1, there was no s i g n i f i c a n t d e a c t i v a t i o n i n 
the course of one thousand minutes. However when the r a t i o was 
increased t o 500/1 and i n f i n i t y ( i . e . , a great d e f i c i e n c y of O2), 
d e a c t i v a t i o n of the c a t a l y s t was observed i n an hour. 

X-ray d i f f r a c t i o n patterns on Figure 3 show the presence of 
m e t a l l i c lead i n c a t a l y s t deactivated by operation i n the absence of 
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Figure 1. XRD spectra of -the unused catalyst showing PbO 
and no Pb°. φ = MgO; Ο = ex-PbO; · = β -PbO; 
A = 7 - A I 2 O 3 . 
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oxygen. When c a t a l y s t was operated i n an excess of oxygen, Pb° was 
not v i s i b l e i n the XRD patt e r n (Figure 4). When deactivated 
c a t a l y s t was re o x i d i z e d by an air - h e l i u m mixture, a c t i v i t y was 
rest o r e d , a l b e i t at a somewhat lower l e v e l than that of the f i r s t 
r e a c t i o n c y c l e . Figure 5 shows that a f t e r the regeneration of the 
deactivated c a t a l y s t , the metal Pb° was transformed t o β-PbO. 
Analogous r e s u l t s were obtained with c a t a l y s t operated at 500 CH4/O2 
( a l s o a d e f i c i e n c y of O2). 

The r e s u l t s are i n accord with the observations of 
Asami, et a l (£), which were that the PbO could be cy c l e d i n a 
redox c y c l e i f O2 and CH4 were not simultaneously f e d t o the 
c a t a l y s t . 

The y i e l d s of products C2H4 and 0 2 % were highest at 820° C. 
Figure 6 shows the e f f e c t o f CH4/O9 r a t i o i n the feed at 
W/F = 7.6 g-hr/mole f o r C9H4, 02%, and CÙ2. I t was ra r e t o observe 
a t r a c e of CO i n the product; and no acetylene was observed i n any 
experiment. Consequently, the re a c t i o n s that s a t i s f y the 
stoichiometry f o r O2 consumption are: 

2CH4 + l / 2 0 2 — > C 2 H 6 + H 20 
2CH4 + 0 2 — > C 2 H 4 + 2H20 
CH 4 + 20 2 —> C0 2 + 2H20 

(These r e a c t i o n s should not be regarded as mechanistic, since oxygen 
comes from PbO produced i n the redox c y c l e ) . 

Table I compares f o r each temperature and f o r CH4/O2 r a t i o s i n 
the feed of 10/1, 20/1, 50/1, and 500/1, the r a t i o of oxygen needed 
t o convert the hydrogen produced by re a c t i o n t o that a c t u a l l y 
present i n the feed. These c a l c u l a t i o n s are the average f o r the 
y i e l d s shown on Figure 6. When the r a t i o i s equal t o un i t y , e x a c t l y 
a s u f f i c i e n t amount of oxygen i s i n the feed to maintain the lead 
redox c y c l e . When the r a t i o of needed-to-available oxygen i s 
s i g n i f i c a n t l y greater than one, which i s the case at 500/1 and no 
oxygen, then oxygen t o combust the H2 and to produce CO2 must come 
from the PbO of the c a t a l y s t . Hence the observed d e a c t i v a t i o n . 

Table I. Oxygen Deficiency at High Feed GH4/O2 Ratio 

CH 4/0 2 0 2 Needed/0 2 A v a i l a b l e 
700°C 770°C 820°C 

10/1 1.0 1.0 1.1 
20/1 1.0 1.0 1.1 
50/1 1.25 1.25 1.3 

500/1 2.0 3.0 3.0 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
02

2

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



22. WEISS E T A L Redox Cycle During Oxidative Coupling of Methane 249 

1050· 

CO 
: z 
L J 

50-^ 

1050 

504 

1050 

50 

S20 
a. 

C 

c 
ο 1 ο • Φ • 

770 
b. 

C 

Φ 

o i l Φ Φ Φ 
Λ _ 

• 
Λ 

700 
c. 

c 

φ 

Φ • 

25 35 
2 - THETA DEGREES 

65 

Figure 3. XRD spectra of the deactivated catalyst showing 
Pb° after reaction in the absence of O2 at 820°Cf 770°C, and 700°C. Legend the same as Figure 1, plus C * Pb°. 

2000 « 

CO 
^ 1 0 0 0 · 
Lu 

REACTED AT 820 C 
CH« / O, - 10 / 1 
TIME ON-UNE - 1260 MIN 

' Ï5 ' ' 25 ' ' 35 ' ' 45 ' ' 55 ' ' 65 ' ' 75 ' ' IB5 
2 - THETA DEGREES 

Figure 4 . XRD spectra of the non-deactivated catalyst 
shoving PbO, but no Pb°, after reaction in an excess 
of oxygen. Legend same as Figure 1· 
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Figure 5. XRD spectra of the regenerated deactivated 
c a t a l y s t shoving PbO and no Pb° a f t e r reaction i n the 
absence of 0 2 at 820°C, 770°C, and 700°C. Legend 
same as Figure 1, plus Δ = α -A1 20 3. 
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The maximum y i e l d s of C2 species were obtained at 
10/1 methane/oxygen feed r a t i o and 820°C. Table I I l i s t s the 
e f f e c t s of varying space time i n the ranee of 7.6 - 41.3 g-hr/mole. 
The maximum y i e l d s of C2's are l i s t e d , along with the corresponding 
methane conversions and CO2 y i e l d . 

Table I I . The Effect of Température and Space Time on C2 Yield 
Τ 

(°C) 
W/F 

g-hr/mole 
Conv 
(7.) 

C2 Maximum 
Yield(7.) 

COo 
Yiel3(7.) 

7.6 15.2 11.7 3.6 
820 20.3 16.8 13.3 3.6 

41.3 17.3 13.7 3.6 
7.6 9.9 6.1 3.9 

700 20.3 10.8 6.2 4.6 
41.3 11.4 5.5 5.9 

^2^4/^2% r a t i o s were c a l c u l a t e d at e q u i l i b r i u m f o r the r e a c t i o n 

C 2H 6 < = > C 2H 4 + H 2 

both at 1 atm H2 and at 0.1 atm H2. These values are p l o t t e d i n 
Figure 7 vs. r e c i p r o c a l temperature. The experimental C2H4/C2HÇ 
r a t i o s were a l s o c a l c u l a t e d from the y i e l d curves of Figure 6 at 
maximum conversion and p l o t t e d . The experimental values on Figure 7 
f a l l i n t o a range that i s quite low r e l a t i v e t o the e q u i l i b r i u m 
r a t i o s p o s s i b l e , l e s s than 17.. They show that t h i s p a r t i c u l a r 
PbO-MgO-AI9O3 c a t a l y s t c atalyzes n e i t h e r the dehydrogenation 
r e a c t i o n 01 ethane to ethylene nor the di m e r i z a t i o n of methane to 
ethylene to anywhere near the e q u i l i b r i u m p o s s i b i l i t y . 

I f the c a t a l y s t does not produce adsorbed ethane, ethane would 
have t o readsorb to react t o ethylene. This i s not too probable; 
and i t i s i n accord with our observation of very low ethylene to 
ethane r a t i o (at best 1:1) r e l a t i v e t o the r a t i o s p o s s i b l e at 
eq u i l i b r i u m (about 100:1). The mechanism of the r e a c t i o n over t h i s 
c a t a l y s t appears to be the redox c y c l e proposed by K e l l e r and 
Bhasin ( i ) , except that the greater part of the ethane probably 
desorbs r a t h e r than reacts f u r t h e r t o ethylene. 
Conclusions 
When PbO-MgO-Al2U3 i s degraded by c a l c i n a t i o n , the r e s u l t i s PbO i n 
a c a t a l y t i c form. Oxygen from PbO i s used to convert the methane 
produced i n the r e a c t i o n s . I f t h i s oxygen i s not supplied t o PbO 
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T I M E . M I N U T E S 

Figure 6. Y i e l d s o f C 2 H 6 , C 2 H 4 , and C 0 2 v s . t ime 
on stream a t 820°C. Parameters o f C H 4 / 0 2 r a t i o a t 
W/F = 7 . 6 g-hr /mole . 
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Figu re 7 . C a l c u l a t e d e q u i l i b r i u m C 2 H 4 / C 2 H 6 r a t i o s a t 
both 0.1 and 1.0 atm H 2 and experimental C 2 H 4 / C 2 H 6 r a t i o s 
v s . r e c i p r o c a l temperature. 
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from the gas phase during r e a c t i o n , the PbO i s converted to m e t a l l i c 
lead. The r e s u l t i s r a p i d c a t a l y s t d e a c t i v a t i o n . The Pb° can be 
r e a d i l y r e o x i d i z e d back t o the c a t a l y t i c s t a t e . T h i s redox behavior 
was observed i n t h i s study by x-ray d i f f r a c t i o n . 

The ethane produced i n the system i s only dehydrogenated t o 
about one percent of i t s thermodynamic p o t e n t i a l , suggesting, even 
though product ethane t o ethylene r a t i o s are about 1:1, that 
dehydrogenation does not proceed on the c a t a l y s t . 
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Chapter 23 

Carbon Monoxide Hydrogenation 
over Rh-Molybdena-Alumina Catalysts 

Selectivity Control Using Activation Energy Differences 

N. A. Bhore, K. B. Bischoff, W. H. Manogue, and G. A. Mills 

Center for Catalytic Science and Technology, Department of Chemical 
Engineering, University of Delaware, Newark, DE 19716 

Changes in rates of CO hydrogenation were calculated as a function of 
temperature using activation energies (Kcal/mole) determined for formation of 
oxygenates (18.6) and for hydrocarbons (31.2) over novel, high activity Rh-
Mo/Al2O3 catalysts. For a 3% Rh-7.5% Mo/Al2O3, selectivity to oxygenates 
was found to increase from 65% at 250° to 86% at 200°; predicted selectivity is 
95% at 160°. Kinetic measurements showed that formation of methanol, 
higher alcohols and hydrocarbons are inhibited by CO over Rh/Al2O3. But 
over Rh-Mo/Al2O3, methanol formation is not CO-inhibited. A dual-site 
mechanism is proposed for Rh-Mo/Al2O3 with high activity/selectivity 
attributed to hydrogen activation by a MoO3-x site, not inhibited by CO, and 
CO activation on Rh sites. These data provide guidelines for process 
optimization and the development of more active and selective catalysts. 

Oxygenates are of growing interest for use as automotive fuels because of their clean-
burning and high-octane characteristics and because they can be manufactured from non-
pertroleum resources (1). Ethyl alcohol and ethers, particularly methyl-terf - butyl ether, are 
being used increasingly in gasoline blends. In addition, methyl alcohol also has great merit 
as a transportation fuel, particularly if it can be manufactured more economically. A catalyst 
which could hydrogenate CO to methanol effectively at lower temperature is desirable since 
this would permit operation at higher conversion per pass (presently thermodynamically 
limited) and therefore permit less of expensive recycle. Further, a more active catalyst 
would permit operation at lower pressure and so decrease plant investment 

Multifunctional catalysts offer important opportunities for scientific advances and 
industrial applications since they are able to activate simultaneously different molecular 
species such as CO and H2. Of critical interest is the molecular structures of the catalyst 
responsible for such multiple activations, how the activated species interact, and how the 
reaction dynamics control activity and selectivity. 

Hydrogénation of CO is a widely studied reaction with many practical applications. 
The catalytic performances of supported Rh catalysts for CO hydrogénation are very 
dependent on the support and added modifiers (2-6). Of particular interest is the novel Rh-
M0/AI2O3 catalyst system which displays exceptionally high activity for CO hydrogénation 
and high selectivity for formation of oxygenates (7-12). 

Kinetic and characterization tests were carried out using catalysts consisting of Rh on 
AI2O3 with various amounts of added molybdena. The results are discussed in terms of 
selectivity enhancement by utilizing differences in activation energies for selective and non
selective reactions. Reaction mechanisms are discussed in terms of a dual-site functionality 
with implications for design of improved catalysts. 

0097-6156/90/0437-O256$06.00A) 
© 1990 American Chemical Society 
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Experimental 
Catalysts of composition shown in Table Γ were prepared by impregnation. All contain a 
nominal 3% Rh deposited from rhodium nitrate solution. The alumina was Catapal. Those 
containing molybdena were prepared in stages. The support was first impregnated with 
ammonium molybdate, pHl, followed by drying and air calcination. Then rhodium was 
deposited. For the 15% Mo catalysts, a dual impregnation was used to overcome solubility 
limitation. Before testing, catalysts were reduced in flowing H2 at 500° [All temperatures 
are °C]. Preformance testing was in a flow reactor system. Data were obtained at 3 MPa, 
H2/CO = 0.5 - 5, at 3000 to 36,000 GHSV, 200° to 250°. Steady state product analysis 
was by on-line GC. To make comparisons, space rates were varied at constant temperature 
to obtain equal conversions generally limited to 6%. This conversion level was selected to 
provide sufficient product for accurate analysis and yet differential reactor conditions are 
maintained so that conversions can be used as measures of rates of hydrogénation. 

In order to assign and compare catalyst reactivity rates, measured conversions were 
"normalized" to 3000 GHSV by multiplying observed conversions by the factor : actual 
GHSV/3000. The normalized conversions were used to specify rates to individual products 
and rates for overall CO conversion. The reaction has been shown not to be mass or heat 
transfer limited (12). CO and irreversible H2 chemisorption were measured at room 
temperature, the former using a pulse injection system and a thermal conductivity detector, 
and the latter using a static system. Prior to measurements, catalysts were reduced under the 
same schedule as for reactor runs. 

Results and Discussion 
Catalyst Composition - Effect on Performance. Comparison of catalyst selectivities are best 
made at equal conversions. It was previously shown that selectivity of CO hydrogénation to 
oxygenates decreases with increasing conversion. For example, selectivity decreased 
linearly from 35% at 4% conversion to 20% at 18% conversion for Rh/Al203 catalysts at 
250°C.(10) 

The rates and selectivities of RIVAI2O3 catalysts are increased greatly by the addition of 
realtively large amounts of molybdena (7-12). As shown in Table I, CO conversion rate 
was increased 12-fold by addition of 7.5% Mo. Equal conversion was obtained at 36,000 
instead of 3000 GHSV at 250°. At the same time, selectivity to oxygenates was increased to 
64.8% from 28.9% at about the same conversion. 

Selectivity to oxygenates increased progressivly with addition of Mo to Rh/Al203. 
When measured at 250°, % selectivity - % Mo were 29 - 0; 58 - 2.8; 65 - 7.5; 69 - 15, 
Table I. 

Furthermore, molybdena brought a high capability for the shift-conversion reactioa At 
6% CO conversion, typically 25% of the converted CO goes to CO2. The amount of CO2 
observed is consistent with the reaction CO + H2O • CO2+ H2 utilizing the 
amount of water produced from formation of hydrocarbons and higher alcohols. 

Temperature — Effect on Catalyst Performance. The rates of formation of some of the 
products as a function of temperature have been published previously (10) and additional 
data are shown in Fig. 1. The values of apparent Eact> calculated using the Arhennius 
realtionship, given in Table Π for overall CO conversion is the same for Rh/Al203 and Rh-
MO/A1203. Hence higher reaction rates with the latter catalyst is not due to a lower E a ct. It 
should also be noted that for the RI1-M0/AI2O3 catalysts Eact for oxygenates as a group is 
18.6 Kcal/mole, much lower than the 31.2 volume for hydrocarbons. Individual products 
show smaller but significant differences from these values, for example 32.4 for CH4 and 
27 for C2H6. The consequence is that there is a double penalty for operation at higher 
temperatures. Not only are hydrocarbons increased relative to oxygenates, but also the 
hydrocarbons consist of larger amounts of less valuable CH4. It is also significant that 
Eact» c2+oxv. > Eact. Cloxy. ™ s i s believed to result from the requirement for CO 
dissociation for formation of hydrocarbons and higher alcohols but not C\ oxygenates. 
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258 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Table I. CO Hydrogénation by Catalysts of Various Compositions, H2/CO=2; 
3MPa. AH contain 3% Rh 

Temp. 25Ô 116 215 200 225 255 25Ô 2ÔÔ 225 
GHSV 3000 3000 3000 3000 18000 18000 36000 3000 3000 

Conversion of CO, includes CO2 
Conv. 5.7 115 9.0 7.3 4.0 6.0 5.3 6.0 27 
t o C 0 2 1 1 21.5 23.9 23.0 25.6 24.5 25 37 

Jb of cod mverted, excludes CO2 

C H 4 60 69 34.8 9.4 18.4 23.8 26.8 7.2 10.6 
C 2 H 6 4 4.1 4.5 3.1 5.8 4.7 5.9 2.4 4.4 
C3H8 5 5.0 1.5 1.1 2.3 1.9 2.3 0.9 1.6 
C4H10 2 1.4 0.4 0.3 0.6 0.5 0.6 0 0.5 
C5H12 2.0 0 0 0 0 
Total HCs 21 81,5 4L! 13.9 27.1 30.9 35.6 10,5 111 
MeOH 2 0.8 13.4 37.6 21.7 17.7 15.7 24.0 10.9 
MeOMe 1 0.2 15.9 30.0 28.3 26.9 26.5 39.5 56.5 
MeCHO 2 2.3 0 0 0 0 0 0 0 

EtOH 11 5.2 12.3 5.8 7.4 7.4 6.7 18.0 1? 
MeOAc 3 2.6 2.4 1.1 1.1 0.7 0.7 0.2 0.7 
HOAc 0 0 0 0 0 0 0 0 0 

EtCHO 0.4 0 0 0 0 0 0 0 0 
C 3 H 7 O H 2J 2.5 2.4 1.9 0.9 2.2 0.7 2.4 2.7 
MeOEt 3 21. 12.6 9.9 14.0 14.5 14.5 7.0 11.2 

EtOAc 3 3.6 0 0 0 0 0 0 0 
C 4 H 9 O H 0 0.6 0 0 0 0 0 0 0.4 
Total Oxy. 28f9. 1?,9 58.7 73.3 69.2 64.8 2Û fil 

Cloxy. 5.1 2.6 34.3 71.4 55.0 49.6 47.3 65.9 71.3 
C2oxy. 20.7 14.2 22.2 13.0 17.4 17.4 16.8 22.8 8.9 
C3oxy. 3.0 2.5 2.4 1.9 0.9 2.2 0.7 2.4 2.6 
C2+oxy. 

14.0 % of oxy. 82.4 86.2 41.6 17.2 21.7 28.1 26.7 27.7 14.0 

Table Π. Apparent Activation Energies, CO Hydrogénation 

Product Kcal/g mol 

3%Rh/Al203 -CO 21.3 

3%Rh-7.5%Mo/Al203 -CO 21.6 

Total Oxy 18.6 

Total HC 31.2 

Cloxy 17.2 

C2oxy 24.3 

CH4 32.3 

C2H6 27.5 

C3H8 28.6 

C4H10 26.3 
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280 260 240 220 200 1 80 

18 19 20 21 

10000/T 

Figure 1. Rates of Formation of Hydrocarbons and Total 
Oxygenates Over 3%Rh7.5%Mo/Al203,3MPa 
H2/CO=l. Rates are CO Conversions to 
Products Shown, Normalized to 3000 GHSV. 
See Table Π for Eact 
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Utilizing Activation Energy Differences for Selectivity Control. The wide differences in 
Eact between formation of oxygenates and hydrocarbons results in a more rapid decrease in 
the rate of formation of hydrocarbon relative to oxygenates as temperature is decreased. 
Selectivity is increased. The relative rates for selective, r 0, and non-selective, ih, reactions 
are expressed by the relationship 

-{Εο-Έη) 
£o _ selectivity to oxygenates _ 
ih ~ selectivity to hydrocarbons " 

D is a constant whose value, log D = -5.60, was established from experimental 
selectivities for Rh-7.5% M0/AI2O3. The following selectivities to oxygenates represent 
those calculated and found and those predicted for various temperatures, using Eo=18.6 and 
Eh=31.2. 

Temp.° m 250 225 200 180 160 140 

Calculated % 50 61 75 85 91 95 98 
Found % 65 73 86 

One application of this calculation is to provide a prediction of the selectivities which 
may be obtained with catalysts of sufficient activity to be used at lower temperatures. 

The use of lower temperatures to increase selectivity has a penalty — namely loss of 
conversion rate. The decrease in rate can also be calculated for selective and nonselective 
reactions as a function of temperatures. This is illustrated by the following: 

- E ( T l - T 2 ) 
rateTi _ RTlT2 

rateT2 " e 

oxygenates hydrocarbon 

EactcaVmole 18,600 31,200 

rate loss 
50° decrease, 250° -200° 7 fold 24 fold 
90° decrease, 250°-160° 42 fold 524 fold 

The above calculations can provide the initial basis for optimizing process design in 
which advantages of increased selectivity — improved product value, lower plant and 
operations costs for separation, and possible longer catalyst life — aie calculated and related 
to disadvantages of lower rates of conversion — larger catalyst inventory and increased 
reactor investment Thus an increase of selectivity from 65 to 86% for Rh-7.5%Mo/Al203 
in going from 250° to 200° may more than compensate for the requirements imposed by a 
7-fold increase in catalyst inventory to reach the same conversion level. 

Rate Comparisons With Other Catalysts. It is of interest to compare the space-time-yield for 
Rh-Mo/A1203 catalyst and industrial Cu/ZnO/A1203 catalysts. The space-time-yield STY, 
for Rh-7.5%Mo/Al203 at 250° at 36,000 GHSV in g/hr/ml catalyst corresponds to 1.0 for 
all products, 0.76 for oxygenates and hydrocarbons, or 0.4 for oxygenate liquids (0.51 
ml/hr/g). Commercial catalysts are said to produce about 0.5 ml methanoVhr/gm cat. Thus 
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23. BHORE ET AL. Carbon Monoxide Hydrogénation 261 

the Rh-Mo/A1203 catalyst is more active than a commercial catalyst but not as selective. 
RI1-M0/AI2O3 catalysts are by far the most active of supported Rh catalysts identified in a 
wide survey (6). 

Kinetics. The coefficients of the kinetic power-law rate expression for CO hydrogénation 

χ y 
Ratespecies = A ' PH2 ' PCO 

were determined for Rh/Al203 and Rh-Mo/A1203,Table 111(10,12). A negative value for 
the exponent of pCO for the Rh/Al203 catalysts is interpreted to indicate that there is an 
inhibition of the reaction by preferential adsorption of CO relative to H2 on the Rh. 
However, for the Mo-modified catalyst the exponent of pCO is zero for the overall 
conversion of CO, for MeOH and for CO2 formation. While CO2 is mechanistically a 
secondary product, it follows the power-law because product water is immediately 
converted to CO2. Significantly, the exponent of pCO remains negative for the formation of 
methane and higher alcohols. This is interpreted to mean that formation of CH4 and higher 
alcohols is occurring at Rh sites, and that dissociation of CO is involved which is subject to 
inhibition by CO. Formation of methanol does not involve CO dissociation and is not 
inhibited by CO. 

H? and CO Chemisorption and Turnover Frequency. The dispersion of Rh in the 
RI1/AI2O3 catalyst was determined to be 39%, based on H2 chemisorption and assuming 
lH/lRh. However, for Mo catalysts, H2 cannot be used for this purpose because of the 
formation of non-stoichiometric so-called molybdenum bronzes, HxMoOy. Therefore, CO 
was used to measure Rh dispersion for Mo catalysts. H2 adsorption on RIVAI2O3 provided 
an initial calibration point. It was determined that CO does not adsorb appreciably on 
partially reduced molybdena under the above-mentioned conditions. While CO can adsorb 
in different forms, as determined by infrared measurements, it is assumed that the 
stoichiometry of CO chemisorption on Rh does not change with increased Mo and can be 
used as a measure of Rh dispersion. The amount of CO chemisorbed decreased 
progressively and substantially with addition of molybdena, Table IV. Also shown is the 
overall rate of CO conversion, labelled the turn-over-frequency, for each Rh atom in the 
sample. The TOF shows an increase as increasing amounts of Mo are added. Thus, even 
though the number of CO adsorption sites decreases, the rate of CO conversion increases. 
Furthermore, more impressive increases are observed if the comparison is done on the TOF 
based on each CO adsorption site. Thus at 15% Mo, the overall activity per CO site 
increased by 150 fold! 

Concisions and Comments 

The exponential form of the reaction rate dependence on activation energy and temperature 
makes rates very sensitive to these variables. As a consequence, differences in activation 
energies between selective and non-selective reactions can provide for significantly 
increased selectivities at lower temperatures. Decreasing reaction temperatures from 250° to 
200°, for RI1-M0AI2O3 for example, increases selectivity to oxygenates (Eact 18.6 
Kcal/mole) from 65% to 85% relative to hydrocarbons (Eact 31.2 Kcal/mole). Reaction 
rates are decreased 7-fold. The selectivity is predicted to increase to 95% at 160°. Changes 
in the distribution of individual hydrocarbons and oxygenates with reaction temperature are 
also predicted. Such considerations provide a preliminary basis for process optimization 
through temperature selection. 

The greatly enhanced activity and selectivity imparted by Mo addition to RIVAI2O3 is 
not explained by activation energy differences alone. Gilhooey, Jackson and Rigby (9) 
found wide variations in the apparent activation energies and pre-exponential factors for Rh 
on various supports. They concluded that the compensation effect, which involves the pre-
exponential factor, made conclusions on mechanism ambiguous. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
02

3

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



262 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Table ΙΠ. Power Law Coefficients for CO Hydrogénation 
_ χ y 
Ratespecies = A ' pH2 " pCO 

Catalyst Species X Y 

3%Rh/Al203 -CO 0.8 -0.3 

3%RH-15%Mo/Al203 -CO 0.72 -0.03±0.09 

+ CH4 1.02 - 0.32±0.09 

+ CH3OH 1.53 - 0.01±0.11 

+ C2+OXY. 0.91 - 0.47±0.23 

+ CO2 0.38 - 0.04±0.06 

Table IV. CO Chemisorption and Site Reactivity (TOF) 
as Function of Mo in 3%Rh,x%Mo/Al203 

Wt%Mo 
CO Chemisorption 

m moles/g 
% Dispersion 

ofRh 
#CO Reacted/site-sec.x 1000** 

per atom Rh per site Rh*** 

0 112 39* 0.4 1 
2.8 74 26 4.0 15 
7.5 46 16 8.0 50 
15.0 28 10 15.0 150 

* Determined by H2 chemisorption. 
** CO Hydrogénation at 225°, H2/CO = 2,3 mPa. 

*** Per CO site. 
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Examination of the power-law exponents presented here show that the rate of 
hydrogénation of CO to hydrocarbons and oxygenate is inhibited by CO over Rh/Al203 but 
not for methanol formation over RI1-M0/AI2O3. Interestingly, the inhibition for CH4 and 
higher alcohols formation remains. The implication is that the mechanism of the rate 
determining step for methanol differs from methane and that the latter is dependent on the 
Rh. 

Based on these results and other characterization tests (10 -12), it is proposed that Rh-
M0/AI2O3 catalysts operates by a dual site mechanism in which CO is activated by Rh and 
hydrogen is activated by MoO(3-x) with migration of activated hydrogen to the activated 
CO. A major point is that while Rh is capable of activating H2, its activation is inhibited by 
CO during CO hydrogénation. In contrast, H2 activation by M0O3 -X is not inhibited by 
CO. As a consequence of increasing the hydrogénation capability, which is rate-limiting, 
the overall catalytic activity for CO conversion is greatly accelerated. The increase in 
oxygenates is also due to increased hydrogénation ability which shows up particularly in 
methanol formation. The formation of hydrocarbons and higher alcohols involve CO 
dissociation believed to occur on Rh. As the power-law data show, their formation even 
over RI1-M0/AI2O3 is inhibited by CO which is visualized as strongly occupying the Rh 
sites. 

It should also be noted that the formation of CO2 (by the shift reaction) is accelerated 
by RI1-M0/AI2O3 but not by RIVAI2O3. The presence of CO2 could provide an explanation 
for increased activity of RI1-M0/AI2O3 if methanol formation over Rh catalysts is via CO2 
rather than CO. Methanol formation is via CO2 over Cu/ZnO/Al203 catalysts under usual 
industrial conditions (14). 

Also, the high activity for the shift reaction for molybdena-containing catalysts allows 
the use of less expensive hydrogen-lean synthesis gas. The enhanced shift reaction also 
simplifies product separation since water is minimized. 

For the practical purpose of achieving higher selectivities at lower temperatures, say 
160°, catalysts of increased activity are required. The results discussed here are believed to 
provide a guide for design of improved dual-site catalysts. The search should be for a 
structure which provides a H2 activation site not inhibited by CO. It is speculated that to 
fulfill this role requires a non-metallic, non-stoichiometric structure such as a partially 
reduced oxide. For Mo catalysts there is the potential for improvements by use of unusual 
oxide structures, or of reduction to a M0O3-X of more optimum level, or possibly by use of 
sulfides instead of oxides. A better knowledge of the interface of Rh and partially reduced 
molybdena is of great interest as well as the mobility of activated hydrogen to or from the 
Rh (4,8). The extremely high increase in activity, namely 150-fold, of Rh sites identified 
by CO chemisorption on the 15% Mo/Rh/Al203 catalyst, illustrates the possibility of 
catalysts with greatly increased activity. These could be used with great advantage at lower 
temperatures than present industrial catalyst 
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Chapter 24 

Photochemically Driven Biomimetic Oxidation 
of Alkanes and Olefins 

J. A. Shelnutt and D. E. Trudell 

Fuel Science Division 6211, Sandia National Laboratories, 
Albuquerque, NM 87185 

A photochemical reaction for oxidation of hydrocarbons 
that uses molecular oxygen as the oxidant is described. 
A reductive photoredox cycle that uses a tin(IV)- or 
antimony(V)-porphyrin photosensitizer generates the co
-reductant equivalents required to activate oxygen. This 
"artificial" photosynthesis system drives a second 
catalytic cycle, mimicking the cytochrome P450 reaction, 
which oxidizes hydrocarbons. An iron(III)- or 
manganese (III)-porphyrin is used as the hydrocarbon
-oxidation catalyst. Methylviologen can be used as a redox 
relay molecule to provide for electron-transfer from the 
reduced photosensitizer to the Fe or Mn porphyrin, but 
appears not to enhance efficiency of the process. The 
system is long-lived and may be used in time-resolved 
spectroscopic studies of the photo-initiated reaction to 
determine reaction rates and intermediates. 

Many alkane and o l e f i n o x i d a t i o n systems that mimic b i o l o g i c a l 
o x i d a t i o n of hydrocarbons by cytochrome P A 5 0 have been reported. Most 
use an i r o n , manganese, or ruthenium porphyrin as the analog of the 
heme ( i r o n porphyrin) f u n c t i o n a l group of the enzyme.1"8 In the great 
majority of these chemistries a s i n g l e oxygen atom donor, such as 
iodosylbenzene or hypochlorite, i s used as the oxidant rather than 
molecular oxygen. 1" 4 When molecular oxygen i s used as the oxidant, as 
i s the case f o r cytochrome P ^ Q , reducing equivalents must be sup p l i e d 
to reduce the Fe porphyrin causing i t to bi n d and s p l i t dioxygen and, 
subsequently, o x i d i z e the alkane substrate. Several biomimetic 
systems have been demonstrated using e i t h e r sodium borohydride, 
hydrogen/Pt, ascorbate, or zi n c metal as the co - r e d u c t a n t . 5 - 8 

We have been i n v e s t i g a t i n g these r e a c t i o n s from the standpoint 
of stereochemically c o n t r o l l i n g the r e a c t i o n at the metal s i t e by 
designing metalloporphyrins with a shape- and s i z e - s e l e c t i v e pocket at 
the metal c e n t e r . 9 , 1 0 The pockets designed so f a r are small, and thus 

0097-6156/90/0437-€265$06.00/0 
© 1990 American Chemical Society 
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require an oxidant, l i k e 0 2, that i s small enough to enter the c a v i t y . 
I t i s a l s o d e s i r a b l e that the system be s t a b l e and operate over many 
hours. We are i n t e r e s t e d a l s o i n the p o s s i b i l i t y of p h o t o - i n i t i a t i n g 
the r e a c t i o n so that r e a c t i o n intermediates can be followed using 
time-resolved spectroscopic techniques f o r k i n e t i c s t u d i e s . This can 
be accomplished i f the reductant i s the product of a photoredox c y c l e . 

Here we describe such a photochemically d r i v e n system f o r 
o x i d a t i o n of alkanes and o l e f i n s . The system i s i l l u s t r a t e d i n Figure 
1. The c y c l e on the l e f t i s the photoredox chemistry that produces 
the reductant, a l o n g - l i v e d t i n ( I V ) - p o r p h y r i n r a d i c a l anion. In the 
c y c l e , a t i n ( I V ) - or antimony(V)-porphyrin absorbs a photon of v i s i b l e 
l i g h t r e s u l t i n g i n the formation of the t r i p l e t e x c i t e d s t a t e of the 
porphyrin. The porphyrin p h o t o s e n s i t i z e r i n i t s e x c i t e d s t a t e i s 
reduced by a s a c r i f i c i a l e l e c t r o n donor such as triethanolamine 
(TEOA). 1 1 - 1 3 The r e s u l t i n g l o n g - l i v e d π anion of the porphyrin has a 
redox p o t e n t i a l low enough to reduce e i t h e r a Fe(III) or Mn(III) 
porphyrin, which acts as a c a t a l y s t f o r the biomimetic o x i d a t i o n of 
h ydrocarbons. 1 3 , 1 4 A f t e r reduction of the FeP, the p h o t o s e n s i t i z e r 
anion (SnP~) returns to the r e s t i n g redox sta t e (SnP). A c t u a l l y , two 
molecules of the porphyrin anion are r e q u i r e d i n the biomimetic P 4 5 0 

c y c l e as i n d i c a t e d i n Figure 1; the f i r s t to reduce Fe(II) to F e ( I I I ) , 
allowing 0 2 to b i n d and a second to s p l i t dioxygen to form the r e a c t i v e 
0=FeP intermediate. In some cases a molecule such as h e p t y l v i o l o g e n 
(HV 2 +) i s used to r e l a y the e l e c t r o n from the SnP anion to the P A 5 0 

c y c l e . A c e t i c or benzoic anhydride i s sometimes used as an oxygen 
atom acceptor ( r e p l a c i n g H+) i n the s p l i t t i n g of dioxygen i n the 
hydrocarbon (RH) o x i d a t i o n c y c l e . 

Experimental 

A photochemical r e a c t i o n l i k e that i l l u s t r a t e d i n Figure 1 was c a r r i e d 
out i n a c e t o n i t r i l e under an 0 2 or a i r atmosphere. In a t y p i c a l 
r e a c t i o n , 0.24 μταοί of Fe(III) t e t r a ( p e n t a f luoro-phenyl) porphyrin 
(FeTF 5PP) c h l o r i d e , 0.45 μταοί of Sn(IV) protoporphyrin IX (SnProtoP) 
d i c h l o r i d e , 1.1 mmol of TEOA, 1.4 μταοί of h e p t y l v i o l o g e n (Ν,Ν'-
diheptyl-4,4'-dipyridinium d i c h l o r i d e ) , and 11 μιηοΐ of benzoic (or 
a c e t i c ) anhydride, were added to 1 ml of a c e t o n i t r i l e . Hexane (4.7 
mmol) was added as a substrate. The samples, contained i n a 1-cm path 
length cuvette, were i r r a d i a t e d with a tungsten lamp f o r 1-6 h. L i g h t 
of wavelengths l e s s than 380 nm was f i l t e r e d to insure that 
p h o t o s e n s i t i z a t i o n of the r e a c t i o n was only due to v i s i b l e l i g h t 
absorption by the porphyrin. 1-, 2-, and 3-Hexanol and 2- and 3-
hexanone products were q u a n t i f i e d at the end of the run by gas 
chromatography. 

For the dark reactions using Zn amalgam as reductant, the 
r e a c t i o n i s run f o r 2 h, but i s complete i n about 10 min i n most 
cases. Although the y i e l d s i n some cases represent l e s s than one 
c a t a l y s t turnover, the r e a c t i o n can be continued by adding more 
amalgam. In some cases methylviologen i s used as a r e l a y molecule, 
and a c e t i c anhydride i s used as an oxygen atom acceptor. The product 
y i e l d i s s e n s i t i v e to the amount of water i n the a c e t o n i t r i l e solvent, 
and, i n a d d i t i o n , a c e t i c a c i d improved the o v e r a l l y i e l d and r a i s e d 
the alcohol/ketone product r a t i o . Presumably, a c e t i c a c i d aids i s the 
dioxygen l y s i s step i n the r e a c t i o n . 
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Results and Discussion 

Table 1 gives y i e l d s and hexanol-to-hexanone product r a t i o s f o r 
t y p i c a l runs and c o n t r o l experiments. In the presence of the P A 5 0 

c a t a l y s t , a gen e r a l l y higher o v e r a l l y i e l d of products i s observed 
when i l l u m i n a t i o n and other conditions were i d e n t i c a l ; however, a 
lower average hexanol to hexanone r a t i o of 1.3 i s observed. However, 
i n the absence of the c a t a l y s t FeTF 5PP, p h o t o s e n s i t i z e d production of 
hexanols and hexanones i s observed i n an average r a t i o of 2.3. In the 
absence of 0 2, l i g h t , p h o t o s e n s i t i z e r , or triethanolamina, there i s no 
s i g n i f i c a n t y i e l d of o x i d i z e d hexane. 

TABLE 1. Oxidation of hexane by a i r i n a c e t o n i t r i l e 

C a t a l y s t Reductant System -ol/-one Y i e l d 0 

(turnovers/h) 

FeTF 5PP SnProtoP, hi/, TEOA 1.3b 4.3 
FeTF 5PP SbProtoP, hi/, TEOA 1.0 0.8 
FeTF 5PP hi/, TEOA 0.8 0.2 
MnTPP SnProtoP, hi/, TEOA 0.9 0.2 
FeTF 5PP Zn/Hg 0.2-1.1 0.5-1.0° 

- SnProtoP, hi/, TEOA 2.3 b 1.7 
- H 2ProtoP, hi/, TEOA 2.7 0.6 
- SbProtoP, hi/, TEOA 2.2 1.4d 

- hi/, TEOA - 0.0 
- SnProtoP, hi/ - 0.0 

a. Y i e l d i s i n p h o t o s e n s i t i z e r turnovers (mol product/mol 
p h o t o s e n s i t i z e r ) f o r s e l e c t e d runs. C a t a l y s t concentrations 
are about one-half of the p h o t o s e n s i t i z e r concentration. 

b. Hexanol/hexanone value i s average f o r a l l (-20) runs with 
turnovers > 1. 

c. T o t a l turnovers under various solvent conditions with 0 2 as 
the oxidant. 

d. L i g h t i n t e n s i t y higher than f o r SbProtoP/FeTF 5PP run, 
accounting f o r higher y i e l d i n t h i s case. 

I t i s apparent that more than one oxygen a c t i v a t i o n pathway 
e x i s t s . The e x c i t e d t r i p l e t s tate of t i n porphyrins i s known to be 
quenched i n the presence of 0 2 , u suggesting a p o s s i b l e d i r e c t 
mechanism of 0 2 a c t i v a t i o n by the p h o t o s e n s i t i z e r . We have examined 
rea c t i o n s of both s i n g l e t 0 2 and superoxide anion under our r e a c t i o n 
c o n d i t i o n s . Chemically-produced superoxide (K0 2/18-crown-6) i s not 
r e a c t i v e under our experimental c o n d i t i o n s . On the other hand, 
s i n g l e t oxygen, produced by i r r a d i a t i o n of f r e e base protoporphyrin 
(H 2ProtoP), 1 5 i s r e a c t i v e i n the presence of t e r t i a r y amines and 
gives about the same hexanol to hexanone r a t i o (2.7, see Table 1) as 
i s observed i n the presence of the SnP p h o t o s e n s i t i z e r . 

For the singlet-oxygen photochemical r e a c t i o n or f o r the 
complete r e a c t i o n mixture when i l l u m i n a t i o n conditions and 0 2 

pressures cause the singlet-oxygen mediated r e a c t i o n to dominate, 
alkane o x i d a t i o n continues f o r more than 6 h as shown i n Figure 2. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
02

4

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



268 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Figure 1. Scheme f o r photochemical production of co-reductant to 
dr i v e the o x i d a t i o n of hydrocarbons by mimicking the cytochrome-
P 4 5 0 c y c l e . The SnP s e n s i t i z e d photoredox c y c l e i s on the l e f t ; the 
P A 5 0 c a t a l y t i c c y c l e i s shown on the r i g h t . 

4 

0 50 100 150 200 250 

Reaction Time (min) 

Figure 2. Oxidation of hexane by s i n g l e t oxygen produced 
photochemically using a SnP s e n s i t i z e r (PM) i n the presence of a 
t e r t i a r y amine. The FeP c a t a l y s t and HV are not included i n t h i s 
r e a c t i o n . T o t a l 1-, 2-, and 3-hexanol y i e l d i n p h o t o s e n s i t i z e r 
turnovers (Q) ; t o t a l 2- and 3-hexanone y i e l d ( X ) ; and 
hexanol-to-hexanone r a t i o (A). PM turnovers - mol product/mol PM. 
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Sri-, Sb-, and H 2ProtoP a l l have t r i p l e t l i f e t i m e s of 10 ms or 
longer, and form s i n g l e t 0 2 by intermolecular t r i p l e t - t r i p l e t 
a n n i h i l a t i o n . In f a c t , the photophysical parameters and s i n g l e t 
oxygen s e n s i t i z i n g p r o p e r t i e s of SnProtoP 1*' 1 6 are s i m i l a r to metal-
free p o r p h y r i n s . 1 7 The s i m i l a r i t y of p h o t o s e n s i t i z i n g 
c h a r a c t e r i s t i c s of Sn-, Sb-, and H 2-porphyrins explains the 
s i m i l a r i t y of t h e i r p r o p e r t i e s i n the FeP-free r e a c t i o n (Table 1). 
However, only the Sn and Sb porphyrins form the st a b l e anions 
capable of d r i v i n g the Fe-porphyrin c a t a l y z e d r e a c t i o n . 

In the presence of i r o n or manganese porphyrin, the 
alcohol/ketone product r a t i o i s modified (-ol/-one » 1) i n d i c a t i n g 
that a competing r e a c t i o n comes i n t o play. I f the FeP-catalyzed 
r e a c t i o n i s to account f o r the low product r a t i o , then t h i s r e a c t i o n 
n e c e s s a r i l y must give a lower hexanol to hexanone r a t i o . We can 
t e s t t h i s hypothesis by determining the product r a t i o f o r the P 4 5 0 

c y c l e when dr i v e n by a d d i t i o n of a s u i t a b l e reductant i n the absence 
of l i g h t . Table 1 includes the y i e l d and product r a t i o f o r the dark 
r e a c t i o n of hexane and 0 2 c a t a l y z e d by FeTF 5PP using a Zn/Hg amalgam 
as the co-reductant. 1 8 The ranges of y i e l d s and product r a t i o s are 
fo r a v a r i e t y of s o l u t i o n conditions. The FeP or MnP c a t a l y s t i s 
required f o r s i g n i f i c a n t y i e l d s of o x i d i z e d hexane. 

Most importantly, when the FeP c a t a l y s t i s present i n the dark 
r e a c t i o n the product r a t i o i s one or l e s s . Therefore, the dark 
r e a c t i o n appears to compete favorably with the formation of s i n g l e t 
0 2 and the photochemical r e a c t i o n proceeds as shown i n Figure 1. 
The dark r e a c t i o n , which als o occurs i n the the presence of l i g h t , 
r e s u l t s i n the observed lowering i n the alcohol/ketone r a t i o and 
higher y i e l d measured f o r the l i g h t - d r i v e n r e a c t i o n i n the presence 
of the FeP c a t a l y s t . Also, v i o l o g e n appears not to a i d the l i g h t 
r e a c t i o n , since the y i e l d g e n e r a l l y remains unchanged or i s s l i g h t l y 
lowered i n i t s presence (data not shown). 

When cyclehexene i s the substrate i n the dark r e a c t i o n , the 
products cyclohexene oxide (20%), 2-cyclohexen-l-ol (44%), and 2-
cyclohexen-l-one (36%) are observed i n the r a t i o s ( r e l a t i v e product 
y i e l d s are given i n parenthesis) observed i n other dioxygen-based 
systems that mimic the cytochrome P A 5 0 r e a c t i o n . 2 0 , 2 1 For example, 
Masui et al.20 measured corresponding y i e l d s of 27%, 18%, and 54% i n 
t h e i r biomimetic system (with styrene present). Single oxygen-donor 
systems give much higher proportions of cyclohexene oxide and 
cyclohexen-l-ol than of cyclohexen-l-one (65%, 31%, 4%, 
r e s p e c t i v e l y ) . 2 2 On the other hand, autoxidation by 
metalloporphyrins generally y i e l d s much smaller epoxide y i e l d s (3%, 
24%, 73%, r e s p e c t i v e l y ) . 1 9 , 2 0 These r e s u l t s suggest that the 
biomimetic cytochrome P 4 5 0 c y c l e contributes s i g n i f i c a n t l y ; however, 
alkane o x i d a t i o n probably does not occur e n t i r e l y at the 
metalloporphyrin, but also through a free r a d i c a l mechanism as i n 
autoxidation. 

When Mn tetraphenyl porphyrin (MnTPP) i s used as the c a t a l y s t , 
imidazole binding as a f i f t h l i g a n d acts as a promoter f o r P 4 5 0 

r e a c t i o n as has been noted i n e a r l i e r s t u d i e s . 2 2 , 2 3 I n t e r e s t i n g l y , 
the hexanol-to-hexanone r a t i o increases (0.8 -+ 1.1) upon replacement 
of CI" with imidazole. Such e f f e c t s of a x i a l l i g a n d replacement 
have been noted p r e v i o u s l y f o r MnTPP.22 Both of these r e s u l t s 
support the contention that the r e a c t i o n involves the Fe- or 
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270 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Mn-porphyrin c a t a l y s t under these s o l u t i o n c o n d i t i o n s , and p a r t i a l l y 
occurs through the biomimetic intermediate. 

The photochemically-driven P 4 5 0 - l i k e chemistry produces s t a b l e 
y i e l d s of hydrocarbon o x i d a t i o n products f o r more than 2 h as shown 
i n Figure 3. In Figure 3, the y i e l d of products i s given i n terms 
of c a t a l y s t turnovers (mol product/mol FeP c a t a l y s t ) as a f u n c t i o n 
of r e a c t i o n time. Also p l o t t e d i n Figure 3 i s the average y i e l d per 
hour, which degrades over the 4 h r e a c t i o n time. The alcohol/ketone 
r a t i o i s not a f u n c t i o n of the r e a c t i o n time; the r a t i o i s s l i g h t l y 
above un i t y , i n d i c a t i n g that the FeP-catalyzed r e a c t i o n pathway 
dominates rather than the s i n g l e t oxygen r e a c t i o n . The decrease i n 
alkane o x i d a t i o n rate could be explained by degradation of the FeP-
c a t a l y z e d c y c l e . 

5 

0 50 100 150 200 250 
Reaction Time (min) 

Figure 3. Hexanol and hexanone y i e l d s and product r a t i o as a 
f u n t i o n of r e a c t i o n time f o r the r e a c t i o n i l l u s t r a t e d i n Figure 1. 
T o t a l 1-, 2-, and 3-hexanol y i e l d i n c a t a l y s t turnovers (•) ; t o t a l 
2- and 3-hexanone y i e l d (•) ; hexanol/hexanone r a t i o (*); c a t a l y s t 
turnovers/h (+). 

Conclusions 

A photochemically dr i v e n r e a c t i o n that mimics b i o l o g i c a l 
photosynthesis, e l e c t r o n - t r a n s f e r , and hydrocarbon-oxidation 
reactions i s described. The r e a c t i o n occurs at room temperature and 
uses 0 2 as the ultimate oxidant. Most importantly, the r e a c t i o n can 
be run f o r ho\irs without s i g n i f i c a n t degradation. This means that 
the o x i d a t i o n of low molecular weight alkanes by 0 2, which proceeds 
at a lower rate than f o r hexane, can be i n v e s t i g a t e d . Further 
studies are underway to determine the d e t a i l e d r e a c t i o n mechanisms 
involved i n the photochemical r e a c t i o n and the r e l a t i v e 
c o n t r i b u t i o n s of various o x i d a t i v e pathways. Transient absorption 
and Raman spectrocopic techniques w i l l a l s o be a p p l i e d to determine 
r e a c t i o n r a t e s . 
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Chapter 25 

Oligomerization of Isobutene with an Improved 
Catalyst 

S. Börje Gevert, Peter Abrahamsson, and Sven G. Järås 

Department of Engineering Chemistry I, Chalmers University 
of Technology, Göteborg, S-412 96, Sweden 

Oligomerization of iso-butene was used as a model reaction 
for testing of improved catalysts based on phosphoric acid on 
silica. The catalysts were produced by impregnation of silica 
spheres (2-3 mm diameter) with ortho-phosphoric acid, drying 
and calcining under various conditions. 
The silica spheres used had a high pore volume (1-1.3 cm3/g) 
and large pore diameter (300-600 Å). One catalyst was made 
by impregnation, calcining at 350°C, re-impregnation and 
drying at 170°C. This catalyst showed a conversion of 98% by 
weight of iso-butene in a continuous tube-reactor at 160°C, 
atmospheric pressure and a weight hourly velocity of 0.543 
gram/cm3. The degree of conversion is effected by the 
calcining temperature after the first impregnation wich 
changes the water content and the bindings between the 
phosphoric acid and the silica. 

In conversion processes in oil refining, LPG (C3 and C )̂ are formed as 
byproducts. When catalytic cracking is used the LPG will have a high content 
of unsaturated components. The low price of the LPG, compared to gasoline, 
makes oligomerization of the molecules in LPG worthwhile for the industry. 
There are mainly two processes used in the refineries for this purpose. In 
alkylation, liquid sulphuric or hydrofluoric acids are employed and in the other 
process phosphoric acid on silica or diatomeric earth. In the refining industry 
the latter process is normally called polymerization, although dimerization is 
the dominating and most wanted reaction. In the alkylation process iso-butene 
is reacted with either propane or butane. If using the less strong phosphoric 
acid, two alkenes must be used as reactants and at a higher temperature. The 
mounted phosphoric acid catalyst leaks less acid to down-stream processing 
and therefore gives less severe corrosion problems than with alkylation (1). 
The chemistry of the oligomerization can be shown as: 

C = c - C + H + > C - C + - C 

c - c + - c + c = c - c > | p c - £c£ 

C - £c£ > ~H > C 6 H t 2 " i s o m e r s 

0097-6156/90/Ο437-Ο272$06.00Λ) 
© 1990 American Chemical Society 
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25. GEVERT ETAL Oligomerization ofIsobutene 273 

The formed carbonium ions and hexenes can react further to trimers and 
higher. 

The phosphoric acid on silica catalyst is also an important catalyst for the 
production of petrochemical intermediates like nonene and alkylated 
aromates. 
Light alkenes can be produced by dehydrogenation of corresponding alkanes to 
increase the basis for gasoline production in a refinary (2). To produce an 
environmental better excepted gasoline, the high alkene content in the 
oligomerization product can be reduced by hydrogénation. This will however 
slightly reduce the octane number of the product. 

The traditional method of producing the mounted phosphoric acid on silica-
catalyst is to start from kiesel guhr and phosphoric acid. The water content of 
the phosphoric acid should be low so that the final catalyst contains 65-70% by 
weight of H3PO^. The mixture is extruded or bricketted, dried, calcined and 
finally hydrated to a preferred level, usually with steam. There are several 
proposals in the patent literature to improve the mechanical strength of the 
final product. One method is to steam treat the mixture after calcning (3). It 
is also possible to add bentonite, montmorillonite, halloysite, or other 
compounds to the mixture before extrusion. The acidity of the catalyst can 
also be reached by using an aluminum silicate or zeolite instead of the above 
mentioned acids (4,5). The kiesel guhr carrier can be replaced by a silica 
hydrogel (6-12). Recently Bernard et al. (13) proposed to extrudate the silica 
carrier before impregnating with the phosphoric acid. Little interest has been 
shown in the development of new or improved catalysts for oligomerization of 
propene and butene in the recent literature. It is therefore of interest to use 
modern analytical instruments to explain and improve the catalyst. In this 
paper, an improved catalyst based on mounted phosphoric acid on silica will be 
presented. 

EXPERIMENTAL 

The used silica carriers were spheres with a diameter of 2.2 mm, recieved 
from Shell in London. In Table I, more details of pore volumes and pore sizes 
are presented. The phosphoric acid used was of pro analysi quality from Kebo 
Lab (Sweden) and the iso-butene from AGA Gas Inc. (Sweden). 

Table I. Silica spheres. Pore volume and average pore size 
according to manufactures, surface area BET, and bulk density 

ID Pore volume 
cm3/g 

Average pore 
size Λ 

Surface area 
m2/g 

Bulk density 
g/cm3 

I 1.0 300 79 0.43 
II 1.0 600 62 0.40 
III 1.3 600 60 0.36 
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The catalysts were made by combining the following steps in different 
sequences: 

* WI - Wet impregnation with ortho-phosphoric acid of 42% by weight. 
* D - Drying at 170°C for 5 hours in a muffle furnace. 
* C - Calcining in a muffle furnace at various temperatures. 
* DI - Dry impregnation with phosphoric acid of 42% by weight. 
* S - Steaming in 100% steam at 100°C for 5 hours. 

Testing of the activity of the catalysts was done in a 23 cm 3 stainless steel 
reactor (15 mm inner diameter) with iso-butene in vapour phase as feed. In 
Figure 1, a simple flow diagram of the reactor system is presented. 
Temperature, pressure and gas flow were kept constant at 160°C, 1 atm and 
12.5 gram/h of iso-butene respectively. The yields were determined by 
measuring the weight of liquid products and the amount of iso-butene feed. 
The liquid products were analyzed on GC with FID detector (Hewlet Packard 
5880A) and the simulated distillation was made according to ASTM D2887-3. 
BET surface area was measured with Micromeritics Digisorb 2600 and pore 
distribution was measured with mercury intrusion. Crushing strength was 
measured on the spheres by crushing 15 samples. The short and total acid were 
determined by grinding, leaching with water, and titrating with caustic at 
room temperature and at the boiling point, respectively. Brom cresol green 
(first true end point) was used as indicator. 

RESULTS AND DISCUSSION 

The pore volume of the silica sphere III is higher than pore volume of the other 
spheres (Table I). This is also reflected in the larger average pore size 
distribution (Fig. 2). 

A catalyst produced from silica spheres III with the sequence: WI, D, C, 
(350°C) DI, D reduced the surface area from 60 m2/g to 5 m2/g. The 
phosphoric acid had filled most part of the pores. Crushing strenght was 
maintained at 1.6 kg before and after preparation and after testing. 

In Figure 3, the conversion as a function of time is presented for three 
different catalysts produced from the three different silica spheres by the 
same procedure. Calcination was done at 425°C. The catalyst produced from 
silica spheres III, with both larger pores and pore volume compared with silica 
spheres II and I, gives the highest activity. The conversion was 78% after 50 h 
of experiment. The catalyst produced from silica sphere II, gives a better 
conversion than the catalyst produced from silica sphere I. Thus the silica 
carrier should have a large average pore size and a large pore volume. 
It is important to use a high concentration of the acid in order to reach a 
H3PO4 concentration of 65-70% in the final catalyst. On the other hand, too 
high viscosity, which is found in concentrated phosphoric acid, reduces the 
impregnation speed. In Figure 4 the effect on activity of calcining at 350°C 
and 425°C is presented. The higher temperature gives a lower activity and 
calcining at 350°C gives a catalyst with a conversion of 97.6%. This catalyst 
also maintained the conversion level in an experiment of over 70 h. Calcining 
after impregnation effects the bindings between the phosphoric acid and the 
silanol groups and also the dehydration of phosphoric acid (Table II). In a 
separate experiment silica spheres were calcined at 550°C, before 
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Gas 

Separator 

Reactor 

Product 

Furnace 

iso-Butene feed 
Flowmeter 

Figure 1. Simple flow diagram of reactor system. 

Figure 2 . Distribution of pore volume for silica spheres I , II , and III 
by mercury intrusion. 
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100 

ο 
ο 

Time, (h ) 

Figure 3. Conversion in weight percent of catalysts prepared with silica 
spheres I A, IIV, and III Δ by the following sequence: WI, D, C, DI, and D. 
Calcination was done at 425°C. 

100 

c ο 

0) > c ο ο 

50 h 

- û — t s r 

20 AO 

Time,(h) 

Figure 4. Conversion in weight percent of catalysts calcined at 350°C Ο 
and 425°C£. Catalysts prepared from sphere III by the following 
sequence: WI, D, C, DI, and D. 
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impregnation without affecting the conversion of the final product. As no 
effect of calcining at 550°C before impregnation was noted, the silanol groups 
of the silica remained intact. 

If only one wet impregnation followed by drying is carried out, the activity 
of the final catalyst drops quickly after a few hours of the experiment (Table 
II). When water is added to the feed, or the catalyst is wetted with water, the 
activity rises again for a short period. This indicates that the phosphoric acid 
dehydrates rather fast. The high sensitivity of water content in the feed makes 
the catalyst, which has been impregnated once only, impractical for 
commercial use. 

Table II. Effects of Preparation Procedure on Conversion 

Sphere Preparation Conversion 
(% w/w) 

III WI, C, DI, D 80 
III WI, C, DI, D, C, S 78 
II WI, C, DI, D 75 
II WI, C, DI, D, C 16 
III WI, D 10 
III WI, D + waterinject, 100 

In Figure 5 the activity of commercial catalysts is plotted as a function of 
time. The ground catalyst shows a much higher conversion rate (66%) after 20 
h of experiment than the unground catalyst (18%). In the small reactor used, 
the unground catalyst will give wall effects and channelling due to the small 
ratio of reactor diameter to unground catalyst. The ground catalyst has a 
lower activity compared to the best of the catalysts produced in this study. 
Futhermore, agglomeration was observed of the commersial catalyst but not 
of the catalysts produced from the spheres. In the production of gasoline a 
dimer or trimer is wanted, while the formation of tetramers is not wanted, 
since they normally fall outside the gasoline boiling range. The selectivity of 
some catalysts is presented in Table III. 

Table III. Selectivities 

Catalyst Time on % w/w in Conversion 
stream liquid % w/w 
h di- tri- tetra-

Spheres III, cale 425 3 74.9 22.1 3.0 88.6 
Spheres III, cale 425 23 84.0 14.9 1.1 79.6 
Spheres III, calc 425 47 84.4 14.6 1.0 79.6 
Spheres III, calc 350 27 73.3 22.7 4.0 97.6 

Commercial unground 49 68.5 27.2 4.3 16.9 
Commercial ground 49 76.5 20.7 2.8 65.4 

For catalysts with high conversions, the formation of tetramers is also high. 
The catalyst calcined at 350°C shows an acceptable selectivity (dimer + 
trimer= 96%) and at the same time high conversion 98%. Short and total acid 
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100 

0 I ι I ι I 
0 20 AO 

Time,(h) 

Figure 5. Conversion of commercial catalyst in weight percent. 
Unground M and ground • . 

was determinated to 15 and 67 weight percent respectivily of the catalyst. The 
unground commercial catalyst shows 4.3% tetramers in the liquid, while the 
ground catalyst only shows 2.8%. The higher production of tetramers is 
probably an effect of long pore diffusion times of the primary dimer in the 
unground catalyst. The yield of trimeres follows the same pattern as the yield 
of tetrameres. 

CONCLUSIONS 

A high activity oligomerization catalyst based on phosphoric acid on silica has 
been produced by impregnation of silica spheres. A calcining temperature of 
350°C is better than calcining at 425°C or only drying at 170°C. The catalyst 
has a low sensitivity to water concentration in the feedstock provided it has 
been impregnated twice with calcination between. The activity of the catalyst 
produced by impregnation is higher than that of the commercial catalysts used 
in this study. 
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Chapter 26 

Hydrous Titanium Oxide-Supported Catalysts 
Activation for Hydrogenation, Hydrodesulfurization, 

and Hydrodeoxygenation Reactions 

Robert G. Dosch1, Frances V. Stohl1, and James T. Richardson2 

lSandia National Laboratories, P.O. Box 5800, Albuquerque, NM 87185 
2Department of Chemical Engineering, University of Houston, 

Houston, TX 77204-4792 

Catalysts were prepared on hydrous titanium oxide (HTO) 
supports by ion exchange of an active metal for Na+ ions 
incorporated in the H T O support during preparation by 
reaction with the parent Ti alkoxide. Strong active metal-HTO 
interactions as a result of the ion exchange reaction can require 
significantly different conditions for activation as compared to 
catalysts prepared by more widely used incipient wetness 
methods. The latter catalysts typically involve conversion or 
reduction of an active metal compound dispersed on the support 
while the HTO catalysts require the alteration of electrostatic 
bonds between the metal and support with subsequent 
alteration of the support itself. In this paper, we discuss the 
activation, via sulfidation or reduction, of catalysts consisting of 
Co, Mo, or Ni-Mo dispersed on HTO supports by ion exchange. 
Correlations between the activation process and the 
hydrogenation, hydrodeoxygenation, and hydrodesulfurization 
activities of the catalysts are presented. 

The objective of this work is to develop new catalysts for use in direct coal 
liquefaction processing. We are currently developing catalysts that are 
supported on hydrous titanium oxide (HTO) ion exchange materials (1-3). The 
ultimate goal of the program is an improved coal liquefaction catalyst produced 
in quantities that allow testing in a large-scale process development unit such as 
the Advanced Coal Liquefaction R & D Facility (4) at Wilsonville, Alabama. 
This paper gives an overview of Sandia's catalyst development program and 
presents results of studies of H T O supported catalyst preparation and 
pretreatment procedures. 

Catalysts currently employed in process development units for coal 
liquefaction are hydroprocessing catalysts developed for petroleum refining 
(5*6). They are composed of combinations of Mo or W with Co, Ni or other 
promoters dispersed on alumina or silica-alumina supports. When used in 
liquefaction, these catalysts deactivate rapidly (6-9) causing decreases in 
product yield and quality and problems with process operability. Thus the 

0097-6156/90AM37-0279$06.00/0 
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280 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

existing generation of supported catalysts does not adequately meet the 
demanding requirements for use in coal liquefaction processes. 

Past efforts in developing coal liquefaction catalysts have focused on 
alumina-supported systems and, except for exploratory studies, little attention 
has been given to systematic development of novel formulations. A particularly 
promising approach to the development of new catalysts specifically designed 
for coal liquefaction processes lies in the formulation of multicomponent 
systems that, in comparison to work on single or bimetallic systems, are 
essentially unexplored. Use of multimetallic systems offers the possibility of 
multifunctional catalysts that are needed to perform the many different 
reactions encountered in coal processing. Because of its versatility for the 
preparation of multimetallic catalysts, the H T O system is an excellent 
candidate for further development. 

Hydrous titanium oxide ion exchange compounds exhibit a number of 
properties (2) that make them desirable as substrates for active metals: 1) ions 
of any active metal or mixture of metals can be atomically dispersed over a 
wide range of concentrations by an easily controlled process; 2) the ion 
exchange capacity of the materials is large, permitting high loadings of active 
metals; 3) solution chemistry can be used to provide control of the oxidation 
state of the active metal; 4) catalyst acidity can be modified by ion exchange; 
5) the materials have high surface areas; 6) the ion exchanger substrates are 
stable in oxidizing and reducing atmospheres, and over a wide pH range in 
aqueous solution; and 7) the ion exchangers can be prepared as thin films on a 
wide variety of supports. The latter property offers the potential for tailor-
made catalysts with chosen chemical, physical, and mechanical characteristics. 
The capability of making thin film catalysts could yield a wide range of support 
acidities and physical properties that might result in less catalyst deactivation. 
It is the versatility of the HTO system that prompted our investigations of the 
applicability of H T O catalysts for coal liquefaction. The ion exchange 
properties combined with high surface areas produce high initial catalyst 
activities. 

HTO catalysts have been evaluated in several fossil fuel applications 
including direct coal liquefaction (3.10.11). hydropyrolysis (12). and 
coprocessing (13). Initial batch microreactor tests (10) using equal weights of 
Shell 324M (a NiMo/ A1 2 0 3 catalyst that is commonly used in direct coal 
liquefaction), Ni HTO, Mo HTO, and Pd HTO catalysts with Illinois #6 coal 
and SRC-II heavy distillate showed that the HTO catalysts, even at low active 
metals loadings of 1 wt%, are equally effective for conversion of coal to low 
molecular weight products as Shell 324M, which contains 15 wt% active metals. 
In addition, for the same oil yield, the HTO catalysts used less hydrogen than 
the commercial catalyst. H T O catalysts have also been evaluated at the 
Pittsburgh Energy Technology Center in bench-scale tests using a feed 
consisting of a 1:1 mixture of distillate solvent and deashed residuum. The two 
feed components were obtained from the Wilsonville Advanced Coal 
Liquefaction R & D Facility. Results (H) showed that a CoNiMo HTO 
catalyst gave conversions to cyclohexane solubles, H / C product ratios, and 
hydrodesulfurization activities that were similar to those obtained with Shell 
324M. The CoNiMo HTO catalyst had not been optimized for hydrotreating 
coal-derived liquids. Studies (12) of hydropyrolysis using a coal coated with a 
Pd HTO catalyst (0.7 wt% Pd on daf coal basis) showed a 50% increase in tar 
yield compared to a reaction performed with the addition of ground 
NiMo/Al 20 3 catalyst (3.6 wt% active metals on daf coal basis). HTO catalysts 
have also been evaluated for use in coprocessing (12). Results showed that the 
performances of some Mo, Pd, Ni, Co, and Co-Mo catalysts compared 
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26. DOSCH ET AL. Hydrous Titanium Oxide-Supported Catalysts 281 

favorably with a commercial Co-Mo catalyst in terms of oil yield, conversion of 
tetrahydrofuran insolubles, and gas formation. These results all indicate that 
HTO catalysts have potential in coal liquefaction processes. 

Experimental 

H T O Catalyst Preparation. Hydrous titanium oxide ion exchangers are 
amorphous inorganic compounds synthesized in the form of salts of weak acids 
represented by the empirical formula C(Ti xO yH z) n, where C is an exchangeable 
cation. HTO catalysts can be prepared by a technique that consists of synthesis 
of sodium hydrous titanate ion exchange material followed by exchanging active 
metal ions for the sodium. The synthesis involves three steps: 

(1) Reaction of tetraisopropyl titanate with an alkali or alkaline earth 
metal hydroxide in alcohol solution to form a soluble intermediate: 

C H 3 O H 
Ti(OC 3 H 7 ) 4 + NaOH > Soluble Intermediate 

(2) Hydrolysis of the soluble intermediate in acetone/water mixtures to 
form the HTO exchange material: 

Acetone, H 2 0 
Soluble Intermediate • NaTi 2 0 5 H 

(3) Ion exchange of the alkali or alkaline earth metal by active metal ions 
in aqueous solution to form the catalyst: 

2NaTi 2O sH + N i + 2 ( a q ) • 2Na+ + Ni(Ti 20 5H) 2 

Steps 2 and 3 contain empirical representations of the x-ray amorphous HTO 
material. Co, Mo, Pd, and NiMo HTO catalysts are prepared by similar 
procedures. Co, Ni, and Pd were exchanged using metal nitrates; Mo was 
added by ammonium paramolybdate. HTO-Si support materials were made by 
adding tetraethyl orthosilicate to the tetraisopropyl titanate prior to addition of 
NaOH. 

Activity Testing. All as-prepared HTO catalysts, which were subsequently 
tested for hydrogénation (HYD) and hydrodeoxygenation (HDO) activities, 
were pressed at 6800 psi into disks measuring 1.125 in diameter and about 
0.125 in thickness using a Carver hydraulic laboratory press. The disks were 
then ground to -30 + 40 mesh size material to simplify subsequent catalyst 
calcination and sulfidation. Most catalysts were calcined in air by heating at 
5°C/ min to 450°C followed by a 1°C/ min increase to 500°C with 1 h at this 
temperature. Prior to activity testing, all catalysts were sulfided in an 
atmospheric pressure flow reactor at 425°C for 2 h using a 10 mol% H 2 S/H 2 

mixture. Catalysts tested for hydrodesulfurization (HDS) activities were 
calcined using several different temperatures that ranged from 350 to 600°C. 

H Y D activities were determined by measuring the rate of hydrogénation 
of pyrene to dihydropyrene (14). Experiments were performed at 300°C in 26 
cm 3 batch microreactors that were loaded with 100 mg pyrene, 1 g of 
hexadecane as a solvent, and 500 psig H 2 cold charge pressure. Reaction times 
were 20 min and catalyst loadings, which were varied depending on the activity 
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of the catalyst, ranged from 10 to 25 mg. The concentrations of pyrene and 
dihydropyrene in the products were determined using gas chromatography 
(GC). All HYD activity testing was performed with -100 mesh catalysts. 

H D O activities were evaluated using the rate of disappearance of 
dibenzofuran (DBF). Experiments were performed at 350°C in z6 cm3 batch 
microreactors that were loaded with 100 mg DBF, 25 mg catalyst, 1 g 
hexadecane, and 1200 psig H 2 cold charge pressure. Reaction times were 
15 min and products were analyzed by G C HDO testing was performed with 
-200 mesh catalysts. 

HDS activities were measured in a flow reactor system using thiophene as 
the model compound. Reaction rates for the HDS of thiophene to butene were 
determined at 325°C and atmospheric pressure. HDS testing used -60 mesh 
catalyst. 

Results of these activity tests are reported on a weight of active metals 
basis. The H Y D and HDO results are compared to results obtained with 
Shell 324M (12.4 wt% Mo, 2.8 wt% Ni on an alumina support). 

Results and Discussion 

Because the HTOs are new catalytic materials with properties that are 
significantly different from well-known catalysts such as those supported on 
alumina, a thorough and systematic approach to their development must be 
taken. The elements included in this approach are 1) process definition; 
2) determination of catalyst requirements; 3) optimization of catalyst 
preparation and pretreatment procedures; 4) characterization of catalysts; 
5) catalyst testing; 6) scaleup of catalyst preparation procedures; and 7) process 
demonstration unit evaluation. The relationship among the program elements 
is shown in Figure 1. The aspects of this program that are discussed in this 
paper involve studies of the catalyst preparation and pretreatment procedures 
that are aimed at enhancing catalyst activity for direct coal liquefaction. 

Effects of Catalyst Composition on Activity. Seven NiMo HTO catalysts were 
prepared at acidification pHs of 4. This series of catalysts (Table I) was 

Table I. Composition of NiMo catalysts 

Catalvst Ti:Si* Pretreatment 
Wt % Active Metals 

Mo Ni Na iWt %\ 
1 No Si Sulfide 12.31 3.23 o;66 
2 No Si Calcine+sulfide 12.31 3.23 0.66 
3 3 Sulfide 9.69 3.03 0.97 
4 3 Calcine+sulfide 9.69 3.03 0.97 
5 5 Calcine+sulfide 9.62 2.67 1.08 
6 5 Calcine+sulfide 9.77 4.08 0.10 
7 5 Calcine+sulfide 4.74 0.81 0.19 

Shell 324M Sulfide 12.40 2.80 
3 Mole ratio 

analyzed to determine the effects on catalyst activity of calcination, Si addition 
to the H T O support, decreased Na content in the catalyst, and lower active 
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metals concentration. The H Y D activity results for these catalysts are 
compared to Shell 324M in Figure 2. Analysis of the H Y D activities of the first 
two pairs of HTO catalysts (catalysts 1-4) shows that the calcined catalyst in 
each pair has significantly greater activity than the noncalcined catalyst 
indicating that calcining these materials is important in catalyst activation. Of 
the calcined and sulfided HTO catalysts, catalyst 2 without Si had the lowest 
H Y D activity. The results of this study show that Si addition causes increased 
activity, but that too much Si (Ti:Si= 3) causes a decrease in activity. The 
increased activity observed with Si addition is in agreement with previous 
(unpublished) results that indicated Si could be added to HTOs via its alkoxide, 
and the presence of Si tended to reduce the degree of sintering thus yielding 
higher surface areas (see below). The first five catalysts in Table I contained 
small amounts of Na (0.6 to 1.1 wt %), whereas the catalyst used in run 6 had 
< 0.1 wt%. Comparison of activity results from runs 5 and 6 suggests that 
decreasing the Na content increases the catalyst HYD activity; catalyst 6 has 
90% of the HYD activity of Shell 324M. These results are in agreement with 
studies that showed Na poisoned catalyst sites on Mo H T O catalysts. 
Additional studies will be performed to determine more definitively if Na is 
detrimental to the activity of NiMo HTOs. The catalyst used in run 7 had a 
H Y D activity that was 73% greater than that of Shell 324M. The only 
difference between this catalyst and that used in run 6 was the lower active 
metals content. We don't know why a decrease in active metals would yield an 
enhancement in catalyst HYD activity; additional studies are being performed 
to determine the cause of this effect. 

The results of the HDO activity tests for catalysts 1-6 are plotted against 
the H Y D activities (from Figure 2) in Figure 3. There is a direct correlation 
(correlation coefficient = 0.98) between HYD and HDO activities for these 
H T O catalysts and Shell 324M. In contrast, H T O catalyst 7 has an HDO 
activity of 0.116 g"1 (metal) sec1, which is the same as Shell 324M, although its 
H Y D activity is 1.77 g 1 (metal) sec1, 73% higher than Shell 324M. It is not 
known why the relationship between the H Y D and H D O rate constants is 
different for the catalyst with the low active metals content as compared to the 
higher active metals containing catalysts. Experiments will be conducted to 
determine the cause of this difference. 

Impacts of Catalyst Preparation and Activation on Surface Area. Studies have 
been performed to determine the effects of catalyst preparation and activation 
procedures and Si addition to the support on catalyst surface area. This work 
was performed with Pd HTO catalysts, which also show an increase in activity 
with Si addition to the support. Figure 4a shows the effects of the Ti:Si ratio in 
the support and the acidification pH during catalyst preparation on the surface 
areas of Pd H T O catalysts that have been calcined at 300°C in air. The 
presence of a 6:1 Ti:Si mole ratio results in a 2- to 3-fold increase in surface 
area with respect to Pd HTO without Si addition. When the Si content is 
increased to give a Ti:Si ratio of 2, any discernible enhancement in surface area 
compared to catalyst without Si is small and is limited to materials formed at 
the lower pHs. The effect of pH on the surface areas of catalysts prepared on 
the same supports is more difficult to discern. There appears to be a general 
trend whereby the surface areas of samples acidified at pH 4 and 5 are slightly 
enhanced with respect to materials that either were not acidified (pH>6) or 

Increasing the calcination temperature to 500°C (Figure 4b) shows 
similar trends to those observed at 300°C. As would be expected, the higher 
temperature resulted in decreases in catalyst surface areas. The results of this 
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Figure 1. Overview of Sandia's catalyst development program. 
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Figure 2. HYD activity of NiMo catalysts reported on a weight of active 
metals basis. 
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Figure 3. Relationship of HDO and HYD activities of NiMo catalysts. 
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Figure 4. Effects of support composition, calcination temperature, and 
catalyst preparation conditions on Pd HTO surface areas. 
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study on Pd HTO catalysts suggest that it may be possible to increase the 
activity of the NiMo HTO catalysts by decreasing the calcination temperature, 
optimizing the Ti:Si ratio, and using a somewhat higher pH during acidification. 

Evaluation of Precalcination Technique. Optimization of the calcination 
process for these materials is aimed at maintaining the dispersion of the active 
metals in the as-prepared material while giving a catalyst that is stable under 
reaction conditions. The usual procedure for preparing alumina supported 
catalysts involves calcining after the metals have been impregnated onto the 
support. This procedure has been used in all previous studies 01 HTO catalysts. 
However, a different method, calcination of the support prior to ion exchange, 
may be possible with these materials. The potential benefit of this procedure, 
which will subsequently be referred to as precalcining, is that the metal is not 
present during calcination so that it will not sinter, while the possible 
disadvantage is that the ion exchange capacity of the calcined material may be 
too low to enable preparation of a good catalyst. The impacts of precalcining 
temperature on the ion exchange capacities of HTOs are shown in Figure 5. 
The results obtained on two sets of catalysts, one exchanged with Co and the 
other with Mo, show that the exchange capacity decreases with increasing 
precalcination temperature. For Co, about 2/ 3 of the HTO's noncalcined 
exchange capacity is maintained between 400°C and 700°C. In contrast, Mo 
exchange shows a sharp decrease due to precalcining at 200°C and a more 
gradual decrease with increasing precalcination temperature. After a 500°C 
precalcination, less than 1/4 of the initial Mo exchange occurs. These results 
suggest that formation of a CoMo H T O catalyst using the precalcining 
technique may require two separate exchange steps: the Mo could be 
exchanged at room temperature followed by calcination and subsequent 
exchange with Co. Studies are currently underway to compare activities of 
catalysts prepared using precalcination and calcination after ion exchange. 

Impact of Calcination Temperature on HDS Activity. Studies of H T O 
calcination after ion exchange are also being performed. Recent work (Figure 
6) has shown the effect of calcination temperature on the thiophene HDS 
activities of two NiMo HTO catalysts. With calcination above 400°C, both 
catalysts show a significant increase in HDS activity. Differential thermal 
analyses of these catalysts showed that a thermal event occurred between 400 
and 500°C, which may be related to this activity enhancement. The NiMo HTO 
catalyst with the lower total metals loading maintains this higher activity up to a 
calcination temperature of at least 600°C. The NiMo HTO with the higher 
metals loading shows additional activity enhancement up to a calcination 
temperature of 500°C and then an activity decrease. The reasons for these 
phenomena are not yet known. Differential scanning calorimetry and thermal 
gravimetric analysis techniques are currently being performed in conjunction 
with activity testing to learn more about calcination and activation procedures 
for these materials. 

Conclusions 

Hydrous titanium metal oxide catalysts are extremely versatile materials that 
have promise as direct coal liquefaction catalysts. Previous studies have shown 
that they perform well in both batch and bench-scale coal liquefaction tests. 
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PRECALCULATION TEMPERATURE (°C) 
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Figure 5. Relationship between HTO precalculation temperature and Co 
and Mo ion exchange capacities. 
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Figure 6. Effects of calcination temperature on thiophene HDS activity 
for two NiMo HTO catalysts without Si addition. 
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Studies of preparation and activation procedures for these catalysts have 
identified several ways for improving catalyst activity: optimizing the 
calcination temperature, adding Si to the support, decreasing the Na that 
remains in the catalyst after ion exchange, and using low active metal 
concentrations. It may also be possible to maintain the high atomic dispersion 
of the metals at reaction conditions by calcining the titanate prior to ion 
exchange of the metals onto the support. Current research is addressing these 
areas. In addition, flow reactor studies are being performed to evaluate how 
these catalysts perform under different reaction conditions with both model 
compounds and coal-derived feeds. 

Future research will emphasize additional areas that may yield 
improvements in catalyst performance. These will include varying the catalyst 
surface area and pore volume distribution, adding additional active metals and 
promoters, varying the catalyst acidity, and coating the H T O on existing 
supports. 
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Chapter 27 

Dispersed-Phase Catalysis in Coal Liquefaction 

Bruce R. Utz, Anthony V. Cugini, and Elizabeth A. Frommell 

Pittsburgh Energy Technology Center, Department of Energy, 
P.O. Box 10940, Pittsburgh, PA 15236 

The specific reaction ("activation") conditions for the conversion of 
catalyst precursors to unsupported catalysts have a direct effect on 
the catalytic activity and dispersion. The importance of reaction 
intermediates in decomposition of ammonium heptamolybdate and 
ammonium tetrathiomolybdate, and the sensitivity of these 
intermediates to reaction conditions, were studied in coal 
liquefaction systems. Recent results indicate that optimization of 
activation conditions facilitates the formation of a highly dispersed 
and active form of molybdenum disulfide for coal liquefaction. The 
use of the catalyst precursors ammonium heptamolybdate, 
ammonium tetrathiomolybdate, and molybdenum trisulfide for the 
conversion of coal to soluble products will be discussed. 

The use of an unsupported dispersed-phase catalyst for direct 
coal liquefaction is not a novel concept and has been employed in 
many studies with varying success. Dispersed-phase catalysts 
have been introduced via impregnation techniques (1-4), as water
-soluble (5-8) and oil-soluble (9-12) salts, and as finely divided 
powders (1,2). While some methods of catalyst introduction give 
higher dispersion of the catalyst and greater activity for the 
liquefaction of coal, all of the techniques allow the formation of a 
finely dispersed inorganic phase. The use of dispersed-phase 
catalysts in direct coal liquefaction offers several advantages. 
Since they could be considered "once-through" catalysts, 
deactivation problems are reduced in comparison to supported 
catalysts, and catalytic activity remains high. Diffusion 
limitations are minimized owing to the high surface area of small 
catalyst particles. Maximum interaction of coal, vehicle, and 
gaseous hydrogen can occur on the catalyst surface with a highly 
dispersed catalyst. 

One of the more popular techniques for producing dispersed
-phase catalysts involves the use of water- or oil-soluble catalyst 
precursors. Small amounts of the water-soluble catalyst precursor 
are added to the coal-vehicle feed and are subsequently converted 
to a highly dispersed, insoluble catalytic phase. The reaction 

This chapter not subject to U.S. copyright 
Published 1990 American Chemical Society 
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290 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

conditions that convert the soluble catalyst precursor to a highly 
active and dispersed-phase catalyst are critical. The objective of 
this paper is to identify techniques that will convert a molybdenum 
catalyst precursor to a highly dispersed MoS2 phase that has 
higher activity for coal liquefaction than most previously 
identified dispersed-phase MoS2 catalysts. The catalyst precursors 
studies include ammonium heptamolybdate, ammonium 
tetrathiomolybdate, and molybdenum trisulfide. The bulk of the 
work was done with the sulfided precursors. 

EXPERIMENTAL. 

Catalyst screening tests were conducted in 40-mL microautoclave 
reactors. The liquefaction conditions were the following: temperature, 
425°C; reaction pressure, 1000 psig H2 (pressure at room temperature); 
residence time, 1 hour; and solvent/coal, 2/1. The coal used was Illinois 
No. 6 hvBb from the Burning Star Mine, properties of the coal used are 
summarized in Table I. 

Table I. Analysis of Illinois No. 6 (Burning Star) coal 

Proximate Analysis, wt% (As Received) 
Moisture 4.2 
Volatile Matter 36.9 
Fixed Carbon 48.2 
Ash 10.7 

Ultimate Analysis, wt% (Moisture Free) 
Carbon 70.2 
Hydrogen 4.8 
Nitrogen 0.9 
Sulfur 3.1 
Oxygen (Difference) 9.9 
Ash 11.1 

Sulfur Forms, wt% 

Sulfatic 0.03 
Pyritic 1.2 
Organic 1.9 

The vehicle used was tetrahydronaphthalene (tetralin). Rapid heat-up 
rates were obtained by immersing the microautoclave in a preheated 
fluidized sand bath at 425°C. The microautoclave reached reaction 
temperature in 1-2 minutes. Slow heat-up rates were obtained by 
immersing the microautolcave in the fluidized sand bath at room 
temperature and gradually heating the sand bath to reaction 
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27. UTZETAL. Dispersed-Phase Catalysis in Coal Liquefaction 291 

temperature in 3/4 hour to 1 hour. Catalyst metal loadings were 1000 
ppm, based on the weight of coal. Coal conversion was measured by the 
solubility of coal-derived products in methylene chloride and heptane 
using a pressure filtration technique(13). 

Continuous catalytic coprocessing and liquefaction experiments were 
conducted in a computer-controlled 1-liter bench-scale continuous unit of 
the type diagrammed in Figure I. The feedstocks included Illinois No. 6 
coal and Maya atmospheric tower bottoms (ATB) in coprocessing or with 
a heavy hydrotreated 650°F-975°F recycle distillate (V-1074) from Run 
257 at the Wilsonville Advanced Coal Liquefaction Facility in 
liquefaction experiments. Properties of the two vehicle oils are 
summarized in Table Π. 

Table II. Properties of Vehicle Oils 

Maya A T B Wilsonville 
Ultimate Analysis, wt% (650°F + ) V-1074 

Carbon 84.5 89.1 
Hydrogen 10.6 9.8 
Oxygen (Direct) 0.3 0.9 
Nitrogen 0.5 0.4 
Sulfur 4.0 0.04 
Ash 0.1 <0.1 

oAPI 8.8 
975°F(Vol%) 30 65 
Heptane Insols, wt% 20 0.2 
Mn(daltons) 720a 360b 
H * a r 0.07 0.15 
f a 0.33 0.43 

aVPO, pyridine, 80°C. bVPO, THF, 40°C. 

The continuous unit includes provision for injection of an aqueous 
catalyst stream into the feed slurry, temperature staging of the preheater 
and reactor, and use of a mixed H 2 / H 2 S reducing gas if required. Rapid 
catalyst heat-up rates were obtained by injecting the total feeds slurry 
(including catalyst) with the feed gas directly into the reactor. For this 
study the unit was operated as a single stage reactor system. Catalyst 
metal loadings were varied from 0-1000 ppm based on coal to study the 
effect of catalyst concentration on conversions. Coal conversion was 
measured by the solubility of coal-derived products in methylene chloride 
and heptane using a pressure filtration technique (13). A modified 
D-1160 procedure was used to measure distillable product yields. 
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Molybdenum trisulfide (M0S3) was prepared by acidifying a solution of 
ammonium tetrathiomolybdate with 24 wt% formic acid (14). Al l other 
reagents were ACS grade. 

X-ray diffraction studies were conducted with a Rigaku computer-
controlled diffractometer equipped with a long fine-focus Cu X-ray tube, a 
receiving graphite monochromator to provide monochromatic C u - K a 

radiation, and a scintillation detector. 

RESULTS AND DISCUSSION. 

Conversion of an aqueous solution of ammonium heptamolybdate 
[(ΝΗ4)6Μθ7(>24 4Η2θ] to an active and high-surface-area catalyst is 
dependent on a number of factors. Gaseous hydrogen sulfide (H2S) is 
required to convert ammonium heptamolybdate (AHM), which is 
essentially an oxide salt, to a series of oxysulfide salts (15) and ultimately 
to molybdenum disulfide (M0S2), as shown in Figure Π. The ratio of 
ammonium ion to molybdenum may also be important, since studies have 
shown that increased N H 3 / M 0 ratios result in higher hydrogen 
consumption for the conversion of petroleum to upgraded products when 
A H M is used as a dispersed-phase catalyst (7,15). Petroleum upgrading 
studies demonstrated that the heat-up rate for the conversion ο f A H M to 
M0S2 is extremely important (15). Slower heat-up rates resulted in a 
gradual transition of A H M to M0S2 and significantly higher conversions 
of petroleum to distillate products. 

Information on the dispersion of M0S2 was obtained from x-ray 
diffraction measurements, which are sensitive to the degree of stacking 
and dispersion of the M0S2 layers (Figure ΙΠ). The diffraction pattern of 
single layers of M0S2 shows the (100) and (110) bands, but no (002) band, 
as in the middle curve of Figure HI. These crystallites are considered 
two-dimensional, since there is no growth in the third dimension. When 
only a very small number of M0S2 layers are in multilayer stacks, a weak 
(002) band is present, as in the top curve with the catalyst precursor, 
M0S3. When many, multilayer stacks of M0S2 are present, a strong (002) 
band can be seen, as in the lower curve. The pattern is that obtained for 
three-dimensional crystallites. The width-at-half-maximum can be used 
to estimate the size of the M0S2 crystallites. The M0S2 crystallites 
formed during a gradual heat-up of A H M , in the absence of coal, are 
three-dimensional, as shown in the bottom curve of Figure III. Coal 
added to A H M under the same reaction conditions prevents the M0S2 
layers from growing in the third dimension. Since the crystallite size in 
the plane of the M0S2 layers is about the same in both cases (150-200 
angstroms), the addition of the coal produces a more highly dispersed, 
minimally stacked M0S2. All of these results suggest that many factors 
can affect the extent of M0S2 dispersion. The factors that have been 
identified include heat-up rate of the catalyst precursor during the 
conversion to M0S2; the NH3/M0 ratio; the H2S pressure; and other 
reagents, such as coal, that might affect the transition of A H M to M0S2. 

In the activation of A H M to M0S2, one of the intermediates that is 
observed is ammonium tetrathiomolybdate (ATTM). Previous studies by 
Lopez et al . {16) show that small amounts of ammonium 
tetrathiomolybdate [(NH^MoS^ are produced during the decomposition 
of A H M , which represents an intermediate of a minor decomposition 
pathway. One advantage of using ATTM as a dispersed-phase catalyst in 
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coal liquefaction is that an external source of H2S is not required because 
the catalyst precursor already exists as a water-soluble sulfide salt. It is 
known that A T T M thermally decomposes to M0S3 and subsequently to 
M0S2 (il). Eggertsen et al. (14) examined the reaction conditions for the 
thermal decomposition of M0S3 to M0S2 and determined that rapid heat-
up (direct introduction of M0S3 into a stream of hydrogen at 450°C) gave 
M0S2 having a surface area of 85-158 m2/gm, while gradual heat-up (25 
min to 450°C) resulted in M0S2 surface areas of less than 5m2/gm. 
Naumann and coworkers (17) applied the results of Eggertsen to the 
catalyst precursor A T T M , since M0S3 was considered to be an 
intermediate in the decomposition of A T T M (Figure IV). The results 
show that high-surface area M0S2 is formed (88 m2/gm) if the thermal 
transition of A T T M to M0S2 is rapid, and the surface area is low if the 
thermal transition is gradual. 

Studies at the Pittsburgh Energy Technology Center examined the 
conversion of coal to methylene chloride- and heptane-soluble products 
using A T T M as a catalyst precursor. Experiments were performed using 
both rapid and gradual heat-up rates for activation of the dispersed-phase 
catalyst and were compared with results using A H M as a catalyst (Figure 
V). The results demonstrate that rapid heat-up of A T T M resulted in coal 
conversions to methylene chloride- and heptane-soluble material that 
were higher than conversions from experiments done at a slower heat-up, 
consistent with expectations for surface area studies of pure compounds. 
Experiments were also performed with M0S3, wherein M0S3 was 
suspended in the same amount of water used for the water-soluble 
precursor, ATTM. Results show that conversion of coal to methylene 
chloride- and heptane-soluble products is greater for rapid heat-up 
experiments and is comparable to those using A H M (Figure V). 
Experiments that verify the microautoclave studies were also performed 
in a 1-liter stirred autoclave, using both batch and continuous modes of 
operation. 

Experiments were also performed with moisture-free solid M0S3. 
Elimination of water has several advantages. The addition of water 
causes a decrease in hydrogen partial pressure within the reactor and is 
more energy intensive because water is being heated. Experimental 
results presented in Figure V demonstrate that the addition of the dry 
catalyst precursor, M0S3, produced coal conversions comparable to those 
obtained with the water-soluble catalyst precursors. Therefore, M0S3 
may represent an ideal choice in the preparation of dispersed-phase 
catalysts. The x-ray diffraction pattern of M0S2, from M0S3, showed a 
very small (002) band, indicating minimal stacking. This implies the 
presence of a well-dispersed, high-surface-area material that provides 
comparable conversions to the water-soluble catalyst precursors. 
Scanning electron microscopy (SEM) was not able to detect the presence 
of M0S2, suggesting that the particle size was less than 1000 angstroms. 
These results support the existence of highly dispersed M0S2, which has 
resulted in the high conversion to solvent-soluble products. 

Based on the success of the batch autoclave experiments, continuous 
liquefaction and coprocessing tests using [(NH^MoS^ were made. High 
coal conversions to solvent-soluble and distillate products were observed 
at 450°C. Typical continuous unit results in both liquefaction and 
coprocessing modes at 450°C are presented in Table HI. 
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(ΝΗ 4 ) β Μο 7 0 2 4 ·4Η 2 0 + H 2 S ( N H 4 ) x M o O y S z 

( N H 4 ) x M o O y S z + H 2 S -> MoOxSy + N H 3 

MoOxSy + H 2 + H 2 S - " M o S 2 " + H 2 Q 

Figure II. Conversion of ammonium heptamolybdate to molybdenum. 

295 

ζ 
LU 

MoS3,AHM/Coal AHM 
Figure III. X-ray diffraction patterns for molybdenum disulfide (h, k, 1) generated from 
Mo(VI) precursors reacted at coal liquefaction conditions. 

S l o w 
250°-350°C 

H e 

200°-250°C 
( N H 4 ) 2 M o S 4 • N H 3 + H 2 S + M o S 3 

R a p i d 

S l o w or R a p i d 
Heat-Up 

R a p i d 
H2/He 

M o S 2 + S 
5m2/g 

M o S 2 + S 
158 m2/g 

M o S 2 + H 2 S 
1 0 % H 2 72m2/g 
1 0 0 % H 2 52m2/g 

Figure IV. Decomposition of ammonium tetrathiomolybdate. 
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Table III. Effect of Solvent Type on Product Yields at 450°C Using 
Ammonium Tetrathiomolybdate 

Coal Illinois No. 6 Illinois No. 6 

Solvent MayaATB V-1074 
Temperature(°C) 450 450 
Pressure (psig H2) 2500 2500 
Residence Time (h) 1.5 1.5 
Catalyst Cone, (ppm Mo) 1000 1000 

Yields (wt% of Feed) 
Non-Hydrocarbon Gases 5.1 3.7 
C1-C4 8.2 5.1 
C5-850oF 76.8 76.4 
850oF + 13.9 18.5 
(C7 Insols) (8.4) (4.8) 
(CH2C12Insols) (1.4) (2.4) 
Hydrogen -4.0 -3.7 

maf Coal Conversion to 83 93 
Heptane Solubles (%) 

At 450°C in the presence of the dispersed catalyst, results are remarkably 
similar with respect to distillate yields, coal conversions, and net 
hydrogen consumption. Use of a superior hydrogen donor solvent in the 
liquefaction experiments does lead to a consistently lower gas make and 
slightly higher coal conversion to heptane solubles than in the 
coprocessing runs under comparable processing conditions. 

A series of continuous unit coprocessing runs were performed with 
tetrathiomolybdate to determine the change in product yield structure 
with catalyst concentration. The results obtained in coprocessing Illinois 
No. 6 coal with Maya ATB are given in Figure VI. High yields of 
heptane- and methylene chloride- solubles, and C5-850°F distillates were 
sustained at molybdenum concentrations of 200 ppm, indicative of the 
highly dispersed state of the catalyst. Below 200 ppm catalyst distillate 
yields declined and hydrocarbon gas yields rose toward those obtained 
under thermal processing conditions. Also noteworthy was the lack of 
any significant coking in this coprocessing system at 450°C in the 
presence of low concentrations of the dispersed molybdenum catalyst. 
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Microautoclave — Illinois No. 6 Coal, Tetralin, Solvent/Coal = 2, 425°C, 1 hr. 

Figure V. Effect of heat-up rate on coal conversion using presulfided catalyst precursors. 

A C, — C 4 Gases 
• C 5 — 650°F · Heptane Solubles 
Ο C - 850°F Δ CH 2 CI 2 Solubles 

0 200 400 600 800 1000 

MOLYBDENUM CONCENTRATION, ppm 

Figure VI. Product yield versus catalyst concentration. (Continuous unit runs; 450°C, 1.5 
hours, 2500 psig H 2 , Maya ATB and Illinois No. 6, Mo added as ammonium 
tetrathiomolybdate.) 
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CONCLUSIONS. 

Two catalyst precursors have been identified that result in high 
conversions of coal to solvent-soluble products when heated rapidly to 
reaction temperature. The use of M0S3 and A T T M as catalyst precursors, 
rather than A H M as a catalyst precursor, offers a number of advantages. 
Both catalyst precursors are in a sulfided form, and therefore additional 
H 2 S is not required, while A H M requires the addition of H 2 S in order to 
form the oxysulfide intermediates and the final product, M 0 S 2 . Both of 
the sulfided precursors are highly active and highly dispersed when 
heated rapidly to reaction temperature, while A H M requires a gradual 
heat-up, and therefore activation of A H M is much more energy intensive. 
Results from experiments made in the continuous unit indicate that 
conversions and yields are maintained down to a catalyst concentration of 
200 ppm using A T T M as the catalyst. The ultimate goal is to identify a 
dry, highly dispersed, catalyst precursor or catalyst that can be added to a 
coal-vehicle feed without the addition of water, yet results in yields of 
coal-derived products comparable to those produced using water- or oil-
soluble catalyst precursors. Possibly M0S3 is the catalyst precursor that 
satisfies those requirements. 
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Chapter 28 

Measuring Surface Tension of Thin Foils 
by Laser Interferometer 

First Step in Generating Surface Phase Diagrams 

G. A. Jablonski, A. Sacco, Jr., and R. A. Gately 

Department of Chemical Engineering, Worcester Polytechnic Institute, 
Worcester, MA 01609-2280 

Surface segregation is a phenomenon which catalytic scientists 
have struggled to understand and control for many years. Bulk 
non-equilibrium ternary phase diagrams have been used to 
control the surface composition of Fe, Ni, and Co foils at elevated 
temperatures ( >900 K) under reaction conditions. To extend this 
approach to low temperature reaction systems, surface phase 
diagrams must be used. The thermodynamic development of 
surface phase diagrams requires surface free energy data for the 
solid components for the system of interest. A laser technique has 
been developed to determine the surface tension of thin foils 
under their own vapor pressure at temperatures between their 
melting point and the Tammann temperature (0.5 Tm).This 
surface tension data is then used to calculate the surface free 
energy. The laser technique uses the zero creep method with a 
modified Michelson interferometer. This approach has been 
successfully tested by measuring the surface tension of Al foils at 
71 % (1196 d/cm) and 82 % (1080 d/cm) of the melting point 
under vacuum. The future application of this technique to the 
study of Fe, Ni, and Co foils will be discussed. 

Carbon deposition on metal surfaces is a common problem in the chemical 
process industry. Catalyst fouling and deactivation as well as corrosion of process 
equipment (e.g., metal dusting) can occur as a result of this type of deposition. A 
particularly interesting form of carbon is filamentous carbon, which in addition to 
its undesirable formation under some conditions, has found use in high strength-
light weight composite materials(l). This "spaghetti-like" form of carbon has a 
metallic crystallite at its head. The metallic crystallite, which originates from the 
metal surface, is believed to serve as the growth center for the filament(2). An 

0097-6156/90/0437-0302$06.00/0 
© 1990 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ch
02

8

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



28. JABLONSKIETAL. Measuring Surface Tension of Thin Foils 303 

understanding of the mechanisms of filamentous carbon formation and growth 
would greatly aid in controlling its growth. 

Bulk C-H-O phase diagrams have been used to study filamentous carbon 
initiation and growth mechanisms over Fe, Ni, and Co foils at elevated 
temperatures from gas mixtures of CO, CO2, CH4, H 2 0 , and H2(3-6). Through 
the use of the phase diagram, the solid surface phase can be controlled by 
controlling the gas phase composition. By controlling the solid surface phase 
composition, the catalytic properties of a specific phase or phases can be 
investigated. At elevated temperatures, bulk phase diagrams can be used to 
control the surface phases because transport limitations between the solid surface 
and the bulk are minimal. This is not the case at lower reaction temperatures, 
where transport between the solid surface and the bulk is much slower. To 
account for this variation of the surface composition from that of the bulk, the 
surface free energy of the possible metallic species must be incorporated in the 
phase diagram development. The surface free energy is calculated by the product 
of the surface tension, and an estimate of the surface area per mole of pure 
species (7). 

Techniques to measure the surface tension of solids are notoriously 
difficult and known for their inaccuracies. Reliable surface tension data requires 
not only a reliable measurement technique but careful control over parameters 
such as sample purity and the gaseous atmosphere in which the experiments are 
conducted. The zero creep technique is considered one of the most accurate and 
reliable of these techniques since it requires only a simple length 
measurement^). Samples can be either wires or thin foils. Hondros(9) has 
postulated that the use of thin foils increases the sensitivity of the technique and 
thus allows more accurate measurements. The thinner the foil, the more it 
approximates a surface. Wire gauges are limited due to the loads required to 
strain the sample. Table I lists some of the results obtained using the zero creep 
foil technique. It should be pointed out that the terms surface tension and surface 
free energy are often used interchangeably, though they are not equivalent(9,10). 

Creep only occurs appreciably at temperatures greater than the Tammann 
temperature(19) [«0 .5 T m ] of the metal. Most of the investigations shown in 
Table I are done at 0.85 T m or greater. The reason for this is that the level of 
strains which occurs as the temperature approaches the Tammann temperature is 
not easily measured. In addition, the method used to measure the sample strain 
(length change) on foils [X-ray shadowgraphs] has large errors associated with it 
[ ± 1 0 - 2 0 jim]. The objective of this work is to develop a technique to 
determine the surface free energy of thin foils under their own vapor pressure 
and under reaction conditions at temperatures approaching the Tammann 
temperature. These values will be used in the generation of surface phase 
diagrams. The approach will be to utilize the zero creep technique and laser 
interferometry to allow more accurate sample strain measurements at lower 
temperatures. Using a modified Michelson interferometer, strain measurement 
approaching λ / 2 will be possible ( λ is the wavelength of the energy source 
used). The energy source being used is a red HeNe laser [ λ = 0.6328 μ m]. 

* The surface tension(i.e., surface free energy) decreases substantially with 
physisorption and chemisorption(2-3 orders of magnitude). Thus, even under 
reaction conditions, the pure metal surface tension dominates. 
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304 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Methodology 

The technique used to measure the surface tension of foils in this work couples 
two well known technologies: the zero creep technique for foils, and the 
technique of laser interferometry. The theory behind each of these techniques 
will be discussed briefly in order to develop the expressions necessary to generate 
the desired surface tension data which will be used to calculate the surface free 
energy. 

The Zero Creep Technique. The zero creep technique was developed by Udin, 
Shaler, and Wulff(8) to measure the surface energy of Cu wires. The technique 
was later extended for use with thin foils by Hondros(16). Very thin foils, 
approximating a surface, are readily available. When shaped into a cylinder, the 
sample will tolerate large loads without necking. Since necking does not occur, 
the stress can be considered constant throughout the experiment. Figure 1 shows 
a schematic of a foil and the associated stress under an applied load 

Table I. Summary of investigators using the zero creep technique including their 
method of length measurement 

Metal Temp 
(%T m ) 

γ (dynes/cm) Length Measurement Method Ref 

Ni 72 2280 micrometer stage 11 
Au 90-95 1490 micrometer slide 12 

Fe,Ni, 95 2525,2595, micrometer microscope 13 
Co 2490 
Ni 86 -100 1850 travelling microscope 14 
Ag 91,97 1140 travelling microscope 15 
Cu 88-97 1420 travelling microscope 8 
Fe 92 2320 X-ray shadowgraphs 16 
Au 85,97 1480,1300 X-ray shadowgraphs 17 

Fe,Fe-P 88,94 2100 X-ray shadowgraphs 18 

(after Hondros,18). For a foil of width, w, length, L, average grain size, a, 
thickness, θ , with an applied load, F, the principal stresses can be written as: 

a x = F/wB -27 /8 - 7 b / a (1) 
σ ν = -2 7 / θ - 7 b / a (2) 
Oz = -2 7 b / a -2 7/w (3) 

where: 7 = bulk surface tension 
7 b = grain boundary surface tension 

The last term in the expression for the stress in the z-direction is very small in 
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Figure 1. Schematic of a zero creep foil. 
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comparison to the first term because the width of the sample is 3-4 orders of 
magnitude greater than the average grain size. For this reason, it can be 
neglected. The sample strain rate in the x-direction is much greater than in either 
the y or z-directions since this is the direction in which the force is being applied. 
Consideration of the strain rate in the x-direction [ ex] at zero strain rate 
coupled with the principal stresses leads to a relationship between the force on 
the sample, and the bulk and grain boundary surface tension terms(18): 

This condition is the zero creep point, when the surface forces represented by the 
terms on the right hand side of equation (4) are exactly balanced by the force due 
to the load imparted to the sample (F 0). Physically, there would be neither 
contraction nor elongation when this situation occurs. For this reason, the force 
at or approaching the zero creep point is difficult to measure directly. Therefore, 
the force at the zero creep point is determined by measuring the strains of several 
loaded samples and plotting these strains against the stress which caused them. 
The force at the zero creep point is determined by interpolation. 

The grain boundary surface tension term (75) is typically determined by 
measurement of the dihedral angle between two grains. This dihedral angle 
occurs at the intersection of two grains (of different orientation) due to slightly 
different surface tension values for the grains involved. The angle is measured 
through the use of interference microscopy. The magnitude of the grain boundary 
surface tension term can be approximated to be 0.33 Τ , which has been 
substantiated by several authors(18,22). However, the relative effect of the grain 
size also must be considered when approximating the value of 7̂ . The total 
expression involving 7^ (7jjBw/2a) increases substantially with decreasing 
grain size. Between 25 - 35 μπι, the approximate error due to neglecting 7^ is 
10 - 15 %. The error decreases substantially with increasing grain size 
(i.e., < 7% for grain sizes > 50 /im). Therefore, the sample grain size may be 
one major source of difference between reported surface tension(surface free 
energy) data by various investigators and must be kept in mind when comparing 
results. 

Laser Interferometry. A Michelson interferometer consists of two optical path 
"legs" which are the result of splitting the incident beam using a 
beamsplitter(20): a sample leg whose optical path changes as the sample 
length changes, and a reference leg whose optical path length is fixed. The 
electric field vector, Ej, for each leg of the interferometer can be written as: 

F 0 = 7w-7 b8w /2a (4) 

Ej = A { expi[ W j t + φ{ ] (5) 

where: wj = angular frequency 
φ j = phase 

Aj = constant 
t = time 
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When the two beams recombine at the beamsplitter from which they originated, 
they interfere. For two coherent beams which interfere, the electric field vector, 
E t , can be written as: 

E t = E s + E r (6) 

where: E s , E r = electric field vector for the sample and reference beams, 
respectively 

The interference which occurs can be either constructive, manifested by bright 
fringes, or destructive, manifested by dark fringes. The intensity, Ij, of the 
interferogram can be written as: 

Ii = E t E * (7) 

where: E * = complex conjugate of E t . Therefore, 

Ii = 4 + A* + Α δ Α Γ [ β χ ρ ΐ ( φ 5 - φ Γ )] + Α δ Α Γ [ β χρ( - ί ) (φ δ - φ Γ )] (8) 

where: A^Aj. = intensity of the sample and reference beams 
φ 5 , φ Γ = phase of the sample and reference beams 

Equation (8) can be simplified to: 

Ii = / ξ + A* + 2Α<>ΑΓ cos (Φ^ (9) 

where: Φ ι = interference phase 

The interference phase, Φ ί ? can be represented by: 

*t = V Φ Γ = 2 * Δ Ρ / λ ( 1 0) 

where: Δ Ρ = optical path difference 

The length change of the sample is directly proportional to the change in the 
interference phase. As the sample optical path length changes due to changes 
in the sample length (strains) caused by the load imparted to the sample, the 
interference fringes shift relative to the speed of the optical path length change 
(and thus the sample length change). By measuring the intensity of the beam and 
plotting intensity versus time, the sample length change with time can be 
recorded. One complete phase shift corresponds to a sample length change of 
λ /2 . In this way, the sample length change is continuously measured and 
sample strains can be easily calculated based on the overall length of the sample. 

Experimental 

The overall schematic of the zero creep/laser interferometer system is shown in 
Figure 2. The system consists of the reactor in which the sample and reference 
mirrors are located, the interferometer, and the data collection system. The 
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system components are mounted on a vibration isolation table [NRC RS-46-18], 
effectively isolating them from outside vibrations. The isolation table is 
completely encased in a plexiglass enclosure to control convection currents and 
to prevent dust and particulates in the air from soiling the optical components. 

Within the enclosure, the 316 stainless steel reactor is sealed in a vacuum 
tight glass vessel at the bottom of which is a 5.08 cm window through which the 
incident and resultant laser beams pass. Up to 4 samples can be run at any time. 
The temperature in the reactor is controlled to =*=0.3°K at 800 Κ using a 
current proportional temperature controller [Honeywell UDC 5000]. The glass 
vessel containing the reactor is evacuated by a roughing pump initially, followed 
by a diffusion pump. 

The foil sample is held in a cylindrical configuration connected to a 
1.27 cm diameter mirror through the use of a set of locking collars. The locking 
collars effectively pinch the sample between them, preventing any slippage and 
holding the 1.27 cm diameter object mirror in place. The reference mirror sits on 
a ledge machined out of the stainless steel reactor. The relative positions of the 
sample mirror and the reference mirror are approximately the same. This was 
done to minimize any temperature variations between the sample and the 
reference optical paths. The sample and reference mirrors [Precision Optics 
Corp.] are high purity quartz substrates with a reflective dielectric coating. The 
mirrors are able to withstand temperatures up to 1200 K. The temperature of the 
sample is measured by a thermocouple which is inserted into the center of the 
sample via a hole in the sample holder. The thermocouple is placed at the 
interface between the sample holder and the sample itself. 

Each sample has its own independent interferometer associated with it. A 
5 mW red HeNe laser [Spectra Physics] is used as the energy source for the four 
interferometers that are in the system. The incident beam is split twice in order 
to provide incident beams to each of the independent interferometers. Each 
interferometer consists of a 50/50 beamsplitter, four mirrors [including two 
mirrors at 45°under the reactor to direct the beam into the reactor], and a beam 
expander in addition to the sample and reference mirrors located in the reactor. 
All of the optics have a flatness specification of λ/10. The mirrors which make 
up the interferometer components outside of the reactor are enhanced 
aluminum. The 45° mirrors have adjustment screws so that the sample and 
reference beams can be aligned from outside the system once a run is started. 

The data collection system consists of a photodiode for each 
interferometer, an amplifier, A - > D board [Metrabyte], and a personal 
computer for collecting the data in real time. With the exception of the sample 
and reference mirrors located in the reactor, all of the other components for 
measuring the sample strains are external to the reactor. Thus, it is not necessary 
to disturb the sample in order to make these in-situ sample strain measurements. 

The zero creep/laser interferometer system was evaluated using Al foils 
[0.002 cm thick, 1.905 cm long]. No thickness tolerance was furnished by the 
manufacturer, however, no discernible variations were observed using a 
micrometer accurate to ±0.1 β m. The foils were washed in acetone and 
isopropyl alcohol before being mounted in the reactor. The reactor was 
evacuated before the sample was heated to temperature. The operating vacuum 
was 7 * 10"6 atm at temperature. Typical runs were from 3-4 days in length, and 
data was collected every 5 seconds. 
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Results and Discussion 

A typical intensity versus time plot for the Al system at 743 Κ is shown in 
Figure 3. The breadth of the plot is an indication of the random error due to 
background vibration and drift from thermal currents. The absolute stability of 
the system was determined to be λ /2 over a 24 hr. period at 775 K. This was 
done by fixing the sample and reference optical path lengths. Figure 3 represents 
a recording of the total length change of the sample. One complete phase change 
corresponds to a sample length change of λ/2. From this plot, the sample 
strains can be easily calculated if the initial overall sample length is known. 
Figure 4 illustrates a typical strain - time plot. The plot shows a very sharp rise 
in sample strain followed by a period of constant strain. Initially, sample strain is 
very high due to the large deformations that are occurring in the sample due to 
the load on the sample at elevated temperature. These deformations can be grain 
growth or diffusion processes. Eventually, the strain rate starts to decrease until 
its value is constant. This is typical of a creep curve(21). The constant strain rate 
represents secondary creep. The constant strain rate is then plotted against the 
stress which caused it. The stress - strain rate plots for 71 % T m and 82 % T m 

are shown in Figure 5a and 5b, respectively. Samples were loaded such that 
positive and negative sample strains were observed and recorded. The zero creep 
point, where the surface forces are exactly balanced by the force due to the load 
imparted to the sample, is determined by interpolation. Ignoring the grain 
boundary surface tension, the bulk surface tension at 71 % T m was determined to 
be 1034 ± 80 dynes/cm. The bulk surface tension at 82 % T m was 
determined to be 934 ± 70 dynes/cm. The average grain size of the Al after 
reaction was found to be 25 β m by consideration of scanning electron 
micrographs of the sample . The grain boundary surface tension has been found 
to be 0.33 7 (18,22). Therefore, the corrected surface tension for Al is 
1196 80 dynes/cm at 743 Κ and 1080 ± 70 dynes/cm at 813 K. The area 
of the Al was estimated to be 7.8 Â 2 /molecule by consideration of the molar area 
for individual planes(i.e., (100), (110), etc.) and weighting their contributions 
based on the relative intensity of their XRD peaks. We recognize that XRD is a 
bulk technique, however, it allows us to approximate the relative contributions of 
the crystallographic planes. The molar areas of the planes were calculated using a 
bond breaking model(23). An overall molar area was calculated to be 
4.7 * 108 cm2/mole. This compares well with a value of 4.24 * 108 cm2/mole 
calculated by Overbury et al.(24). Using this data, the surface free energy of Al 
was calculated to be 5.6 * 10 1 1 ergs/mole(13.4 kcal/mole) and 
5.1 * 10n(12.2 kcal/mole) at 743 Κ and 813 K, respectively. The surface tension 
values for Al were reported by Westmacott et al.(25) [1140 ±200 dynes/cm] 
determined at 23 - 32 % T m using a void annealing technique. If we linearly 
extrapolate the surface tension values obtained using our technique to the 
temperatures investigated by Westmacott et al., we can compare our values to 
those reported by Westmacott. Linear extrapolation was used based on the 
results of Hondros(18) and Udin et al.(8) who showed an approximate linear 
relationship between the surface tension and temperature. A surface tension of 
1643 dynes/cm was estimated versus 1140 ± 200 as reported by Westmacott. 
The value reported by Westmacott is lower than would be expected, thus it is 
possible that their sample may have oxidized. Oxidation would tend to lower the 
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Figure 3. Typical intensity vs. time plot for the determination of the surface 
tension of Al at 743 K. 
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Figure 4. Typical strain (%) vs. time plots for Al in a vacuum at 743 K. 
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Figure 5. Strain rate vs. stress for Al at (a) 743 Κ and (b) 813 Κ in a 
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measured surface tension. In reporting this data, Westmacott et al. suggest that 
because of the tenacity of the Al surface oxide, it is not possible to use the zero 
creep technique to measure the surface tension of pure Al. The authors did not 
disclose the atmosphere that was used to heat their samples in order to create 
the voids nor did they analyze the sample after any of the heat treatments to 
determine if a surface or a bulk oxide was present. It is likely that a surface oxide 
was present on their samples. The partial pressure of O2 necessary to oxidize Al 
at 775 Κ is 10"* ' atm. Therefore, it is likely that a surface oxide is present on any 
Al foil. In addition, the presence of any surface oxide will retard the further 
growth of the oxide since the oxygen must diffuse through the surface oxide layer 
in order to oxidize the Al metal. This is a very slow process that is not likely to 
occur in the time frame of the experiment. X-ray diffraction of the Al samples 
after reaction showed only the presence of Al. No oxide was detectable. This is 
not surprising since the Al will form a protective surface oxide layer 
instantaneously at room temperature. The fact that no bulk oxide is present does 
not preclude the possibility that the surface tension being measured is being 
influenced by the probable presence of a surface oxide. 

The surface tension of thin Sn foils was also determined in air. No attempt 
was made to prevent the samples from oxidizing. The surface tension of the Sn 
samples was determined to be 452 dynes/cm at 88 % T « . This value is lower 
than the values reported in the literature of 500 dynes/cm(26,27). This lower 
value is consistent with a sample that was partialy oxidized as evidenced by XRD. 
No attempt was made to calculate the surface free energy of the Sn due to the 
presence of the bulk oxide. 

Conclusions 

The surface free energy of thin foils can be determined at temperatures between 
the melting point and approaching the Tammann temperature of the metal using 
the zero creep/laser interferometer technique. The use of the laser 
interferometer allows smaller sample strains to be measured with a higher level 
of confidence. 

The surface tension of Al under a vacuum was determined to be 
1196 dynes/cm at 743 Κ and 1080 dynes/cm at 813 K. The surface tension of Sn 
was determined to be 452 dynes/cm at 478 Κ in air. 

Future Developments 

In order to apply the phase diagram approach to the study of filamentous carbon 
initiation and growth mechanisms over Fe, Ni, and Co foils at low reaction 
temperatures, surface phase diagrams for these materials must be generated. The 
zero creep/laser interferometer technique will be used to determine the surface 
tension and thus the surface free energy of these metals. Using these data, the 
surface phase diagrams can be generated. The effect of the addition of the 
surface free energy will be to shift the position of the solid phase boundaries. The 
amount and direction of the shift will be determined by the relative magnitude of 
the surface free energy terms. Figure 6 shows a C-H-O phase digaram for the Co 
system at 800 Κ and 1 atm where the boundaries for: the graphite-gas, the 
Co|)-Co3Ci)-gas, the Cos-Co3Cs-gas, and the Co-CoO-gas equilibria have been 
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C 

Cos - Co 3 C s - gas equilibrium 
Co b - Co 3 C b - gas equilibrium 
Co - CoO - gas equilibrium 
graphite - gas equilibrium 

Figure 6. Co-C-H-O phase diagram, 800 Κ and 1 atm. 
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plotted. The subscripts b and s signify bulk and surface species, respectively. The 
Cos-Co3Cs-gas phase boundary is hypothetical, while the other phase boundaries 
shown are based on real thermodynamic data.The relative positions of the two 
metal carbide curves illustrate the effect that surface free energy can have on the 
solid phases that are stable. Consider a point A on the phase diagram. If the 
Cos-Co3Cs-gas phase boundary is ignored, the phase diagram is the bulk phase 
diagram for the system. If a foil were reacted in a gas composition represented by 
point A, bulk C03C would be expected to form with the potential for the 
formation of β-graphite if the C03C is a catalyst for its formation. However, if 
the surface free energy of the metallic components are included in the 
thermodynamic development, the result is a shift in position of the metal-metal 
carbide equilibrium boundary. The curve has shifted upward because of the effect 
of the surface free energy on the thermodynamics of the system. In reality, there 
has been a segregation of the metal to the surface. The equilibrium no longer 
favors the formation of the carbidic phase under the gas composition represented 
by point A. The addition of the surface free energy terms results in a surface 
phase diagram. In order to form a carbide phase, a gas composition above the 
new Cos-Co3Cs-gas line would have to be used [i.e., point B] with the new phase 
diagram. In this case, the carbide would be a surface carbide and it would also co
exist with jQ-graphite. 

The use of surface phase diagrams to control the solid surface phase[s] 
represents a powerful in-situ technique for use in heterogeneous catalytic studies. 
Knowledge of the surface phase composition allows the catalytic properties of 
specific metallic phases to be evaluated. This type of α-priori control is not 
possible with other in-situ analytical techniques 
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Chapter 29 

Raman Spectroscopy of Vanadium Oxide 
Supported on Alumina 

G. Deo1, F. D. Hardcastle1, M. Richards1, A. M. Hirt2, 
and Israel E. Wachs1 

1Departments of Chemistry and Chemical Engineering, Zettlemoyer Center 
for Surface Studies, Lehigh University, Bethlehem, PA 18015 

2Materials Research Laboratories, Inc., 720 King Georges Post Road, 
Fords, NJ 08863 

The molecular state of vanadium oxide 
supported on different alumina phases (γ , δ-

θ, and α) was investigated with Raman 
spectroscopy. The supported vanadium oxide 
was found to form a molecularly dispersed 
overlayer on the different alumina phases. 
The molecular state of the surface vanadium 
oxide phase, however, was dependent on the 
nature of the alumina support. This 
variation was primarily due to the presence 
of surface impurities, in particular sodium 
oxide. The surface sodium oxide content was 
found to increase with the calcination 
temperature required to form the different 
transitional alumina phases (α, δ-θ, γ). The 
surface vanadium oxide phase consists of 
polymeric tetrahedra and distorted octahedra 
on γ-Al2O3, monomeric tetrahedra and 
distorted octahedra on δ,θ-Al2O3, and 
monomeric tetrahedra on α-Αl2O3. 

Recent studies of supported vanadium oxide catalysts 
have revealed that the vanadium oxide component i s 
present as a two-dimensional metal oxide overlayer on 
oxide supports (1). These surface vanadium oxide species 
are more selective than bulk, c r y s t a l l i n e V 2 0 5 for the 
pa r t i a l oxidation of hydrocarbons (2). The molecular 
structures of the surface vanadium oxide species, 
however, have not been resolved (1,3,4). A 
characterization technique that has provided important 
information and insight into the molecular structures of 
surface metal oxide species is Raman spectroscopy (2,5). 
The molecular structures of metal oxides can be 
determined from Raman spectroscopy through the use of 
group theory, polarization data, and comparison of the 

0097-6156/90/0437-0317S06.00/0 
© 1990 American Chemical Society 
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Raman spectra with spectra of known molecular structures 
(6). 

In the present investigation, the interaction of 
vanadium oxide with different alumina phases (7, δ-θ, and 
or) i s examined with Raman spectroscopy. Comparison of 
the Raman spectra of the supported vanadium oxide 
catalysts with those obtained from vanadium oxide 
reference compounds allows for the structural assignment 
of these supported species. The present Raman data 
demonstrate that the molecular structures of the surface 
vanadium oxide phases are s i g n i f i c a n t l y influenced by 
the presence of surface impurities on the alumina 
supports and t h i s overshadows the influence, i f any, of 
the alumina substrate phase. 

EXPERIMENTAL 

The 7 phase (Harshaw, 180m2/gm) , δ,θ phase (Harshaw, 
120m2/gm) , and a phase (ALCOA, 9.5m2/gm) of A1 20 3 were 
used in t h i s study, δ ,0-Al2O3 was prepared by heating the 
star t i n g 7-Al 20 3 at 950°C in 0 2 · X-ray d i f f r a c t i o n was 
used to confirm the presence of the respective alumina 
phases. The vanadium oxide catalysts were prepared by 
incipient-wetness impregnation of vanadium t r i -
isopropoxide (Alfa) using methanol as the solvent. Due 
to the a i r and moisture sensitive nature of the alkoxide 
precursor, the catalysts were prepared and subsequently 
heated in N2 at 350°C. The catalysts were f i n a l l y 
calcined in 0 2 at 500°C for 16 hrs. A l l samples are noted 
as weight percent V 20 5/A1 20 3. Surface areas were measured 
with a Quantachrome BET apparatus using single point 
nitrogen adsorption. The arrangement of the laser Raman 
spectrometer has been described elsewhere (5,7). Surface 
impurities on different alumina phases were measured on 
a Model DS800 XPS surface analysis system manufactured 
by KRATOS Analytical Pic, Manchester UK. Specimens were 
prepared by pressing the different alumina phases 
between a stainless steel holder and a polished single 
crystal s i l i c o n wafer. Measurements were done at 5.10"9 

Torr with an hemisherical electron energy analyzer used 
fo r electron detection. Mg-Κα x-rays at a power of 360 W 
were employed in t h i s study and the data were collected 
in 0.75 eV segments for a to t a l of 1 hour. A pass energy 
of 80 eV was used f o r each of the specimens. The 
electron spectrometer was operated in the fixed analyzer 
transmission (FAT) mode. Elemental i d e n t i f i c a t i o n from 
each spectrum were done by comparing the measured peak 
energy to tabulated values and concentration estimates 
were made using ty p i c a l normalization procedures (8). 

RESULTS AND DISCUSSION 

The major vibrational region of interest in the Raman 
spectra of vanadium(V) oxide structures l i e s in the 
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1200-100 cm"1 range. For vanadium oxide systems t h i s 
region can be primarily divided into three parts. The V-
0 terminal stretching which occurs at 770-1050 cm"1, the 
V-0-V stretching region at 500-800 cm"1, and the bending 
mode at 150-400 cm. Lattice vibrations of c r y s t a l l i n e 
compounds may be also present below 150 cm'1. 

Vanadium(V) Oxide Reference Compounds 

It i s known that under ambient conditions supported 
vanadium oxide exists as a +5 cation (9) . For t h i s 
reason the Raman spectra of some pentavalent vanadium 
oxide reference compounds were studied. The vanadium(V) 
oxide reference compounds can be primarily categorized 
as tetrahedral or octahedral compounds. The structures 
of these reference compounds have been previously 
determined and only a brief discussion w i l l be given 
here. Raman spectra of the vanadium(V) oxide reference 
compounds are shown in Figures 1-2. 

Spectra of tetrahedral vanadium(V) oxide compounds 
are shown in Figure 1 with di f f e r e n t degrees of 
polymerization of the monomeric VG4 unit. The Raman band 
associated with the terminal V-0 bond increases with 
increasing extent of polymerization : ~ 830 cm"1 for 
monomeric V04

3", ~ 880 cm'1 for dimeric V 20 7
4~ , and ~ 940 

cm"1 for a chain composed of V0 4 units. Due to the 
presence of V-0-V linkages in the dimeric and polymeric 
species the bond length of the bridging bonds increase 
which gives ri s e to a higher order of the terminal V-0 
bonds and consequently a higher frequency. The monomeric 
unit in Pb 5(V0 4) 3Cl gives rise to Raman bands at ~ 830 
cm'1 (symmetric stretch) , ~ 790 cm"1 (antisymmetric 
stretch), and bending modes at 320-350 cm'1. Distortions 
imposed on the V04

3" unit w i l l also increase the bond 
order and s h i f t the Raman band to higher frequencies. 
For example, A1V04 possesses three d i f f e r e n t , highly 
distorted monomeric V04

3" units, and the corresponding 
Raman spectrum exhibits a t r i p l e t in the 980-1020 cm 
region. The presence of V-0-V linkages i s readily 
i d e n t i f i e d with Raman spectroscopy since they give rise 
to new modes at 200-300 cm"1 (bending) , and 400-500 cm"1 

(symmetric stretch), and 600-800 cm"1 (antisymmetric 
stretch). The Raman spectra of tetrahedral vanadium 
oxide species in aqueous solution also have similar 
features (6). 

Spectra of octahedral vanadium(V) oxide compounds are 
presented in Figure 2. Undistorted vanadium(V) oxide 
compounds do not exist, and a l l vanadia octahedra are 
highly distorted, which give ri s e to short V-0 bonds. 
This i s reflected in the Raman band position f o r the 
distorted octahedral vanadium oxide compounds which 
always occur in the 900-1000 cm'1 region. The vanadia 
structure in ^ 2 ^ 5 approaches a square-pyramidal 
coordination and the individual vanadia are linked 
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τ 1 1 1 1 1 1 Γ 

!200 1000 800 600 400 200 

Raman shifts (cm"*) 

FIGURE 1.Raman Spectra of Tetrahedral Vanadium(V) 
Gxide Reference Compounds. 

τ ι ι ι ι ι ι ι ι r 
!200 1000 800 600 400 200 

Raman shifts (cm"*) 

FIGURE 2.Raman Spectra of Octahedral Vanadium(V) 
Oxide Reference Compounds. 
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together to form i n f i n i t e sheets (10) . The short V-G 
bond in t h i s structure i s responsible f o r the band at 
997 cm"1 (10) . Many bands in the 200-800 region are due 
to the V-0-V linkages, and the strong band at ~ 144 cm"1 

arises from the l a t t i c e vibrations (11)· The 
decavanadate ion in Na6V10028.18H20 * s m a c l e up of three 
d i s t i n c t l y different and distorted vanadia octahedra 
(12). Two of the vanadia octahedra approach a square-
pyramidal coordination and the t h i r d has two short 
bonds c i s to each other. The presence of three types of 
terminal V-0 bonds in the decavanadate ion can be seen 
from the Raman spectra which give rise to strong bands 
at ~ 1000, 966 and 954 cm'1. Due to the presence of 
numerous V-0-V linkages in the decavanadate structure, a 
number of strong Raman bands in the V-0-V bending (150-
300 cm"1) and V-G-V stretching (500-800 cm"1) regions are 
present. The vanadia octahedral ion present in ZnV 20 6 is 
not as distorted as those found in V 20 5 and 
Na 6V 1 00 2 8.18H 20 and consequently exhibits a strong 
stretching band at 910-920 cm"1 (13). Numerous V-0-V 
associated bands are also present in the 150-800 cm"1 

region. 

The Alumina Supports 

The Raman spectra of 7, δ,Θ, and a-Al 2G 3 are shown in 
Figure 3. For 7-Al 20 3 there are no Raman bands in the 
150-1200 cm'1 region. For ό,0-Α12Ο3 several Raman bands 
are observed: two bands of medium intensity at ~ 837 and 

753 cm"1, and a strong band at ~ 251 cm"1. The a phase 
of A1 2G 3 possesses Raman bands at 742, 631, 577, 416, and 
378 cm'1. The surface compositions of the alumina 
supports were determined by X-ray Photoelectron 
Spectroscopy and are shown in Table I. In addition to 
the impurities present on 7-Α1 20 3, δ,Θ and α-Α1 20 3 show 
the presence of sodium and flourine ions. These 
impurities may result from the manufacturing process 
(e.g. Bayer process) or incomplete p u r i f i c a t i o n of the 
ore (14). 

V205/ A1 20 3 

The supported vanadium oxide on 7-Al 20 3 is present as a 
well dispersed phase f o r 3-20% V 20 5/A1 20 3 (Figure 4). The 
Raman spectra of V 20 5/7-Al 20 3 have been discussed before 
(11), and the vanadium oxide structure has been 
c l a s s i f i e d into three main regions. Above 20% V 20 5/A1 20 3, 
the Raman spectra show the formation of V 20 5 

c r y s t a l l i t e s . At 5% V 20 5/A1 20 3 and below, the Raman band 
is present at ~ 940 cm"1 which i s typ i c a l of the terminal 
stretching mode found in a l k a l i metavanadates which 
possess polymeric chains of V0 4 units (Figure 1) . The 
corresponding V-0-V vibrations of metavanadates are also 
present in these samples. Above 5% V 20 5/A1 20 3, new bands 
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1200 1000 800 600 400 200 

Raman shifts (cm ) 

FIGURE 4.Raman Spectra of Vanadium Oxide Supported on 
7-Al 20 3. 
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Table I. Surface concentrations on di f f e r e n t alumina 
supports (in atomic %) 

Surface Atom 
Alumina Support Phase 

Surface Atom 

a 6,θ 7 
C 5.5 4.7 7.5 

0 57.1 59.6 58.2 

F 0.27 0.28 

Na 0.98 0.18 

Al 35.5 34.9 33.5 

CI 0.6 0.4 0.86 

appear near the 1000 cm region which are due to a 
vanadium oxygen double bond and are associated with the 
highly distorted octahedral enviroment of the vanadium 
oxide species (Figure 2). Solid state 5 1V NMR studies of 
these samples confirm that tetrahedral surface vanadia 
species are exclusively formed in the 0-5% V 20 5/7-Al 203 
range and that distorted octahedral surface species are 
predominately present above 5% V 20 5/7-Al 20 3 (4) . The 10% 
V 20 5/7-Al 20 3 also has broad bands at 950-1000, at 810-
830, 550-580, ~ 500, 290-300, ~ 250, and ~ 180 cm-1. 
There i s a s t r i k i n g s i m i l a r i t y between the position of 
these Raman bands and the Raman bands found in 
Na 6V 1 00 2 8.18H 20 (Figure 2). Similar Raman bands are also 
present f o r 20% V 20 5/7-Al 20 3. Thus, the supported 
vanadium oxide phase seems to be present with units 
similar to the decavanadate ion in 10-20% V 20 5/7-Al 20 3. 

The Raman spectra for 1-10% V 20 5/£, 0-Al2O3 are shown 
in Figure 5. Crystalline bands appear at 13% V2O5/6,0-
A1 20 3 indicating that monolayer coverage of surface 
vanadium oxide has been exceeded. 1-5% V 20 5/£, 0-Al2O3 

samples possess Raman bands of the surface vanadium 
oxide overlayer as well as weak bands of the δ,0-Α12Ο3 

support. The Raman bands of the support, however, 
quickly diminish as the vanadium oxide content i s 
increased. This i s due to the absorption of the laser 
l i g h t by the yellow-colored vanadium oxide overlayer. 
The Raman bands in the 990-1000 cm"1 region are 
characteristic of the distorted octahedra (decavanadate 
uni t ) . The Raman bands in the 770-790, 530-540, and 150-
300 cm"1 region are, however, much stronger than the 
corresponding Raman bands associated with the 
decavanadate ion and suggest the presence of a second 
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surface vanadium oxide species on the £,0-Al2O3 support. 
A similar set of Raman bands have recently been observed 
in a bismuth vanadate (Bi:V=25:l) reference compound 
which exhibits Raman bands at - 790, 530, 350-250, and 
150 cm"1. Solid state 5 1V NMR experiments have shown t h i s 
structure to contain tetrahedral vanadium oxide species 
(15). The decrease in the Raman stretching frequency, 
from ~ 830 cm"1 for monomer ic V0 4

3' to ~ 790 cm"1 f o r the 
bismuth vanadate (Bi:V=25:l), at the f i r s t approximation 
suggests, that the terminal V-0 bonds have been s l i g h t l y 
lengthened in t h i s bismuth vanadate structure. Similar 
to the case of bismuth vanadium oxide compounds, the 
sodium vanadium oxide compounds (NaV03—*Na : V=l : 1 ; 
Na3V04—>Na: V=3 : 1) also show a decrease in Raman terminal 
stretching frequencies from -920 to -820 cm"1 (16). Due 
to the presence of sodium ions on the surface, see Table 
I, i t can be concluded that part of the surface vanadium 
oxide species are coordinated to surface sodium ions to 
form monomeric tetrahedral vanadia species. It is also 
possible to conclude that more than three sodium ions 
are coordinated per monomeric tetrahedral vanadium oxide 
species as the Raman band occurs below 820 cm"1. Solid 
state 5 1V NMR studies also confirm that two d i s t i n c t l y 
d i f f e r e n t surface vanadia species are present on the δ,θ-
A1 20 3 support: a perfect tetrahedral structure and a 
distorted octahedral structure (17). Thus, the supported 
vanadium oxide phase on 6,0-Al2O3 consists of distorted 
octahedra (decavanadate-1ike) and monomeric tetrahedra. 

The Raman spectra of supported vanadium oxide on a-
A1 2G 3 exhibit different structural features than on the 
previously described alumina phases, as can be seen by 
comparing Figure 6 (0.7-1.7% V 20 5/A1 20 3) with Figures 4 
and 5. Broad Raman features are present at -770, -690, 
""550, -470 and a strong Raman band at -290 cm'1. As 
described previously, the -770 cm"1 band position i s 
s p e c i f i c to the monomeric tetrahedral species with 
lengthened V-0 bonds. It should be noted that the sodium 
ion concentration on the surface of α-Α1 20 3 is much 
higher than on other alumina supports (see Table I) and, 
hence, is most probably responsible for the formation of 
the monomeric tetrahedral species. Thus, the surface 
vanadium oxide phase on α-Α1 20 3 consists primarily of 
monomeric tetrahedral vanadia species. Similar spectra 
have been observed in our laboratory using di f f e r e n t 
types of α-Α1 20 3 supports. 

As mentioned e a r l i e r , sodium i s usually present as an 
impurity in alumina. However, the absence of sodium on 
the surface of 7-Al 20 3 implies i t s presence inside the 
bulk. To produce a and δ,0-Α12Ο3 i t is required to heat 
γ-Α1 20 3 to higher temperatures. As a result of heating 7-
A1 20 3, sodium migrates to the surface. This can be 
observed in Table I where the sodium concentration 
increases from 7 to a-Al 2G 3. The migration of sodium 
changes the acid/base charateri st i cs of the surface. An 
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C 3 

1 

V 2 0 5 / M - A I 2 0 3 (ca 

1200 

Raman shifts (cm"*) 

FIGURE 5.Raman Spectra of Vanadium Oxide Supported on 
< M - A I 2 O 3 . 

I 

Raman shifts (cm"1) 

FIGURE 6.Raman Spectra of Vanadium Oxide Supported on 
α-Α1 20 3. 
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increase in the sodium ion concentration produces a more 
basic surface. Thus, the basic strength of the surface 
should be expected to vary as follows: 

α-Α1 20 3 > δ9θ-Α1203 > 7-Al 20 3 

<— more basic 

Comparison of t h i s information with the surface vanadium 
oxide species present on the different alumina phases: 

Vanadium 
Spec ies 

decavanadate 

k 

metavanadate 

decavanadate 

k 

orthovanadate 

ο rt h οvan ad at e 

Alumina 
Phase 

δ9θ 

implies that acidic surfaces favor the decavanadate 
species, whereas, basic surfaces favor the orthovanadate 
species. Under ambient conditions, the conditions under 
which the V 2 O 5 / A I 2 O 3 spectra were taken, the surface of 
the support is hydrated and there is a s i m i l a r i t y in the 
behavior of the vanadium oxide surface species on A1 20 3 

and the pH dependence of aqueous vanadium oxide 
structural chemistry (10). 

The effect of the impurities besides sodium do not 
seem to play an important role in determining the 
structure of the surface vanadium oxide species. 
Flourine is the only other impurity whose concentration 
varies appreciably in the different alumina phases. 
Flourine cannot be responsible for influencing the 
vanadium oxide structures since flourine is present in 
similar concentrations in a and 6,0-Al2O3 while the 
vanadium oxide structures are changing. It may therefore 
be concluded that surface impurities other than sodium 
oxide do not contribute s i g n i f i c a n t l y to the change in 
the structure of the surface vanadium oxide species on 
the di f f e r e n t alumina phases. 

It should be noted that a l l of the above studies were 
performed under ambient conditions where the surface 
vanadium oxide species are known to be hydrated due to 
adsorbed moisture. It has been shown that dehydration 
can a l t e r the structures of the surface vanadium oxide 
species. For example, dehydration of surface vanadium 
oxide species on 7~A1203, which i n i t i a l l y possesses 
vanadia octahedra and tetrahedra, tranforms most of the 
surface vanadia species to a tetrahedral coordination 
(4). Dehydration studies on the V 20 5/£, 0-Al2O3 and V 20 5/a-
A1 20 3 samples are currently underway. 
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CONCLUSIONS 

The Raman spectra of model vanadium(V) oxide compounds 
are very sensitive to vanadium oxygen coordination. A 
d i s t i n c t trend in the Raman spectra of the reference 
tetrahedral and octahedral vanadium(V) oxide compounds 
is observed. Vanadium oxide i s found to interact 
d i f f e r e n t l y with the different alumina supports. On the 
7-Al 20 3 support, the surface vanadium oxide overlayer 
consists of polymeric tetrahedra and distorted 
octahedra. On the 6,0-Al2O3 support, the surface vanadium 
oxide overlayer i s composed of monomeric tetrahedra and 
distorted octahedra. On the α-Α1 20 3 support, the surface 
vanadium oxide overlayer contains monomeric tetrahedra 
surface species. The interactions, however, appear to be 
primarily due to the level of sodium impurity present on 
the surface and not the alumina phase in part i c u l a r . It 
is therefore imperative to take into consideration the 
surface impurities present when describing the molecular 
structures of the supported vanadium oxide phases. 
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Chapter 30 

Scanning Electron and Field Emission 
Microscopy of Supported Metal Clusters 

T. Castro1, Y. Z. Li1, R. Reifenberger1, E. Choi2, S. B. Park2, 
and R. P. Andres2,3 

1Department of Physics and 2School of Chemical Engineering, Purdue 
University, West Lafayette, IN 47907 

STM measurements of the shape of gold 
clusters supported on flat gold substrates and 
FEM measurements of the melting temperature 
of gold clusters supported on tungsten tips 
are presented. The size dependence of these 
cluster properties is obtained for cluster 
diameters ranging from 12 nm to 2 nm. 

Understanding the unique properties of supported metal 
clusters, often consisting of only a few metallic atoms, is the 
key to understanding and improving a wide class of catalytic 
processes. Over the past decade, researchers have developed 
myriad techniques for synthesizing small atomic clusters (1). 
There also exist a variety of experimental techniques such as 
scanning electron microscopy (SEM and STEM), field emission 
and field ion microscopy (FEM and FIM), scanning tunneling 
microscopy (STM) and atomic force microscopy (AFM), that 
permit one to study individual supported clusters. In this 
paper we discuss preliminary studies aimed at combining 
these research advances. The ultimate goal of this effort is to 
probe the properties of supported metal clusters of catalytic 
importance and to measure the dependence of these properties 
on both the support material and adsorbed molecules. 
3Author to whom all correspondence should be addressed. 

0097-6156/90/0437-O329S06.00/0 
© 1990 American Chemical Society 
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Production of Nanometer-sized Clusters 

A synthesis approach, that has proved fruitful in molecular-
beam studies of clusters, is to vaporize the material of 
interest into a stream of cold inert gas which acts as a heat 
bath and promotes aggregation of the condensable species to 
form clusters. This gas aggregation technique has the 
desirable characteristics of not being material specific and of 
being easily adapted for production of large quantities of 
clusters. It has the undesirable characteristics of typically 
producing a broad distribution of cluster sizes and 
compositions and of yielding an aerosol in which the clusters 
are mixed with uncondensed atoms and inert gas. We have 
developed an adaptation of the gas aggregation method at 
Purdue, which is capable of producing nanometer-sized metal 
clusters having a controlled mean size and a relatively narrow 
size distribution (2-5). We have also developed a reliable 
technique for stripping uncondensed atoms from streams of 
uncharged clusters (3-5). 

The multiple expansion cluster source (MECS) used to 
prepare cluster samples for the present study is described in 
detail in the thesis of S.B. Park (5). Metal is evaporated from a 
crucible placed inside a resistively heated graphite oven tube 
(UT6ST, Ultra Carbon). The evaporation rate is controlled by 
inert gas pressure in the oven, oven temperature, location of 
crucible in oven and hole size in the crucible. The metal vapor, 
primarily composed of individual atoms and diatoms, is 
entrained in hot inert gas (He or Ar) flowing in the oven tube 
and expands through a sonic orifice in the oven wall. This 
subsaturated gas mixture is immediately mixed with room 
temperature inert gas in a quench region. The supersaturated 
stream then flows into a tubular, fast flow, condensation 
reactor. To provide a well defined residence time in the 
condensation reactor, the flow in this region is laminar and 
annular guard flows are introduced around the free jet coming 
from the quench region. 

The clusters grow by condensation of metal atoms onto 
the diatoms originally present in the quench region. Formation 
of additional diatoms, i.e. nucleation of new clusters, is 
negligible at the low pressures maintained in the condensation 
region. The pressure in the condensation reactor is kept at 
less than -50 Torr by means of a mechanical pump. When there 
is sufficient cooling and dilution in the quench step, 
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cluster/cluster agglomeration in the condensation reactor can 
be largely eliminated and cluster growth is a pure birth kinetic 
process. In these situations the cluster size distribution, 
plotted as a function of cluster diameter, is normal and 
exhibits a full width at half maximum of approximately 0.5. nm 
and a mean size that can be controlled by controlling the 
residence time, the initial monomer concentration and the 
initial monomer/dimer ratio in the condensation reactor (5). 
If cluster/cluster agglomeration is prohibited, the clusters 
grow, with increasing residence time, to a maximum size given 
by the monomer/dimer ratio in the quench region. For Au this 
ranges from 0.5 nm to 3.0 nm in the present MECS. Clusters 
larger than this can be grown by allowing these small clusters 
to agglomerate. In this manner, multiply twinned, essentially 
spherical, Au clusters as large as 20 nm in diameter have been 
grown. 

In order to produce supported samples for STM or FEM 
study, clusters formed on the centerline of the condensation 
reactor are extracted through a 1 mm diameter capillary into a 
vacuum chamber typically kept at 10 - 5 Torr. The resulting 
supersonic free jet flow is collimated to form a molecular 
beam of metal clusters, uncondensed metal atoms and inert 
gas atoms. 

Production of Supported Cluster Samples 

Free jet expansion from the capillary produces a molecular 
beam in which the clusters are all traveling approximately at 
the sonic velocity of the gas in the capillary. Thus, cluster 
velocity ranges from 3 χ 104 cm/s if Ar is used in the MECS to 
1 χ 105 cm/s if He is used. 

A gas cell is used to decelerate the clusters before they 
are deposited on a substrate and to strip uncondensed metal 
atoms from the cluster beam. 

Supported samples are prepared by first evacuating the 
gas cell to a pressure of ~10"3 Torr and measuring the total 
metal flux passing through the cell by means of an Inficon film 
thickness monitor (FTM). The cell pressure is then increased 
by bleeding He into the cell. Initially, the FTM signal drops 
rapidly due to deceleration and rejection of the uncondensed 
metal atoms in the beam. Next, there is a pressure region in 
which the signal remains constant. In this region, while all 
uncondensed atoms have been stripped from the beam, 
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essentially all of the clusters still reach the detector. 
Finally, the FTM signal again drops as the clusters themselves 
are stopped before they reach the surface of the FTM. 

For the STM experiments described below, the pressure 
at which just half of the clusters reach the FTM was found and 
recorded. A previously unexposed substrate was then rotated 
into the position previously occupied by the FTM and exposed 
for a measured time to this cluster flux. This procedure 
eliminates codeposition of clusters and uncondensed atoms and 
slows the clusters to thermal speeds before depositing them 
on a substrate. After several samples are prepared, the MECS 
and the vacuum system are shut down and bled up to 
atmospheric pressure and the samples are removed for 
analysis. No attempt was made to prevent the supported 
clusters from adsorbing gas phase contaminants. 

For the FEM experiments described below, the cluster 
beam was directed through a small collimation capillary into a 
separately pumped deposition chamber, which is kept at 1 χ 
10"8 Torr. A transfer cell equipped with a 2 1/s ion pump 
enabled a tungsten FEM tip to be: 1. inserted into the 
deposition chamber and positioned with its apex in the cluster 
beam, 2. withdrawn and transported at 2 χ 10"7 Torr to a UHV 
field emission microscope, and 3. inserted into the field 
emission apparatus and positioned properly for field emission 
measurements (6). 

Directly across the deposition chamber from the FEM tip 
was a fluorescent screen and viewport with which the field 
emission pattern from the tip could be observed during cluster 
deposition. The tip was first cleaned by joule heating. The 
two fold symmetry characteristic of a clean W(110) field 
emitter was observed and the voltage necessary to observe 
this pattern was recorded. The voltage was then reduced to 
about 1/2 of the original value and the tip was exposed to 
clusters that had been slowed to thermal speeds in the gas 
cell. Clusters landing near the apex of the tip appear as bright 
dots on the fluorescent screen. This procedure was repeated 
until an individual cluster positioned near the apex of the tip 
was obtained. 

TEM Studies of Supported Gold Clusters 

Vacuum evaporation of gold atoms onto graphite or amorphous 
carbon substrates results in the formation of individual gold 
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clusters, which nucleate at specific sites on the surface. The 
shape of these clusters is nearly spherical. Buffat and Borel in 
a classic TEM experiment used this behavior to prepare 
samples of gold clusters having different average diameters 
and studied the melting transition of the clusters as a function 
of cluster diameter by observing the sharp electron diffraction 
rings blur when the supported clusters are heated (7). 

Gold clusters grown in the M E C S and deposited on thin 
carbon or silicon films are also essentially spherical. In a 
series of experiments Park (5) found that, if he deposited MECS 
clusters on a thin carbon film and then imaged the sample with 
T E M , he could accurately estimate the experimentally 
determined weight of the deposit by assuming: 1. that the 
clusters were spheres and 2. that the clusters had the same 
density as bulk gold. 

High resolution TEM studies of supported clusters formed 
both by atomic deposition (8-9) and in a gas aggregation type 
source (10-11) indicate that gold clusters with diameters less 
than 5 nm exhibit a variety of multiply twinned structures and 
can transform rapidly between different configurations under 
the intense electron radiation within the microscope. This 
phenomenon has been termed quasimelting and is the subject 
of continuing investigation. Despite this complication, on 
carbon and on silica substrates, the shape of these small gold 
clusters remains essentially spherical. 

STM Study of Supported Gold Clusters 

The parallel developments of scanning tunneling microscopy 
(STM) (12) and atomic force microscopy (AFM) (13) greatly 
broaden our perspectives and abilities to probe the shape and 
electronic structure of individual supported clusters, as well 
as enhance our ability to manipulate these entities on the 
atomic scale. 

An example of the power of STM for imaging the 
morphology of a supported cluster is shown in Figure 1. This 
is an STM image of a pair of Au clusters of - 1 2 nm diameter 
supported on a Pt substrate. The total region scanned is 88 χ 
88 nm. The steps on the Pt substrate are - 4 nm high. 

The Pt and Au substrates used for the present research 
were prepared by inserting a clean wire, 1 mm in diameter, 
into a gas torch flame. A molten sphere with a diameter of 2 
mm forms at the end of the wire and is allowed to air cool. 
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This technique gives atomically flat facets on the surface of 
the sphere. STM scans of the substrates before cluster 
deposition showed them to be free from any debris that 
resembled clusters. After deposition the Au clusters were 
found uniformly distributed on the flat facets of Au substrates 
but only at steps on the Pt surface. 

The image in Figure 1 was obtained with a pocket-sized 
STM (14) operating in air and in constant current mode, using 
an electrochemically etched tungsten tip. Typical tunneling 
bias voltages used to image Au clusters ranged between 20 and 
600 mV, while typical tunneling currents were 2 nA with the 
electrons tunneling from the tip into the sample. The STM 
images of Au clusters on Pt and on Au substrates are very 
stable and there are no apparent differences between images 
taken with different bias voltages. While the STM used in 
these studies is able to image a graphite surface with atomic 
resolution, atomic resolution was not achieved either on the 
metal substrates or on the clusters (15). 

An interesting observation encountered in our STM 
investigation of Au clusters on Au surfaces is the flattened 
profile of the clusters, which makes it difficult to resolve 
clusters with diameters less than 2 nm. We find that, even 
though gold clusters are spherical in free space and on carbon 
and silica substrates, they flatten when deposited on Au 
substrates. As knowledge of the shape of supported clusters 
is important both for interpreting catalytic behavior and for 
understanding thin film growth, we decided to study this 
phenomenon. 

A series of samples were prepared in which M E C S 
clusters of different controlled diameters in the nanometer 
size range with "soft landed" at room temperature on 
atomically flat substrates (15). Figure 2 is a STM image of a 
sample of some of the larger clusters studied. The shape of an 
individual cluster is characterized by taking a line scan across 
the center of the cluster as indicated by the arrow in Figure 2a 
and illustrated in Figure 2b. This line scan is used to measure 
the diameter (D) of the boundary between the cluster image 
and the substrate and the maximum height of the cluster above 
the substrate (H) as determined by STM. The volume of the 
cluster ( Ω ) is calculated by assuming it to be a perfect 
spherical cap (Ω = (π H/6)(3D2/4 + H2)) 
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Figure 1. STM image of a pair of Au clusters on a Pt substrate, 

(a) 

Figure 2. STM scan of Au clusters supported on a Au substrate. 
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The volume of the STM image of a sphere is larger than 
its free space volume (V - (π D3)/6) and the D/H ratio obtained 
from the image is of order one. However, the volumes 
calculated from the STM images of gold clusters having free 
space diameters ranging from 2 nm to 12 nm agree to within 
experimental error with the free space volumes determined 
from TEM micrographs of the same MECS clusters deposited on 
thin carbon films (15). The D/H ratios of these clusters 
increase from 5 to 40 as the clusters become smaller. Thus, 
small gold clusters supported on gold assume a spherical cap 
shape and the smaller the cluster the larger its D/H. 

We have been able to interpret this experimental data by 
means of a very simple continuum model. Assuming the 
cluster to be plastic with a uniform internal stress, the 
relationship between this internal stress and the radius of 
curvature of the cluster's free surface is given by the Young 
equation 

G = R (1) 

where σ is the internal stress, γ is the surface free energy, and 
R is the radius of curvature. Assuming the cluster to be 
plastic only above a critical yield stress, σ \ and to be 
perfectly elastic below this threshold, Equation 1 with σ = σ* 
defines a critical radius of curvature, R*. Clusters having free 
surface radii less than this critical value are stressed beyond 
their yield limit. Now, if the interfacial free energy between 
the cluster and the substrate is less than γ, these clusters can 
relax by spreading on the substrate. Once σ - σ*, however, the 
cluster can no longer relax and its shape is frozen. Thus, small 
Au clusters on Au assume a spherical cap shape with free 
surface radius R = R\ 

The ability of this one parameter model to represent our 
experimental data is shown in Figure 3. This is a plot of the 
contact radii (p = D/2) of the gold clusters as measured by STM 
as a function of their free space volumes. The solid line in 
this figure is the prediction of the theoretical model, which is 

The critical radius used to fit the data is R* - 20 nm. 
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1.20 

Figure 3. Plot of the contact radii of Au clusters supported on 
a Au substrate as a function of the volumes of the clusters. 
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FEM Study of Supported Gold Clusters 

The onset of particle mobility often coincides with particle 
melting and results in rapid sintering of supported metal 
catalysts. Thus, prediction of the melting temperature of 
supported metal clusters is of more than academic interest. 

It is well known that small particles melt at a lower 
temperature than the corresponding bulk solid. Buffat and 
Borel measured a monotonie lowering of melting temperature 
with decreasing diameter for gold clusters supported on 
carbon substrates (7). They accounted for their data by means 
of a thermodynamic model due to Pawlow (16), which states 
that the melting temperature of small particles is inversely 
proportional to the particle radius. 

Baker pioneered direct measurements of the onset of 
particle mobility on substrates using controlled atmosphere 
electron microscopy (17). He has pointed out the close 
relationship between the onset of particle motion as 
determined in his studies and the Tammann temperature (18). 
It is important to establish whether melting temperature 
decreases monotonically with particle size as indicated by the 
data of Buffat and Borel (7) or is equal to the Tammann 
temperature as hypothesized by Baker (18). 

We have developed a method by which field emission 
from a preformed metallic cluster, supported at the apex of a 
sharp field emission tip, can be used to study the melting 
temperature of supported clusters as a function of cluster size 
(6, 19). In this experiment, we measure the field emission 
current that is emitted by a single isolated cluster. The 
dependence of this current on the applied voltage is found to 
follow the well known Fowler-Nordheim law for field 
emission. Plotting the emission current as a function of 
applied voltage, the slope of the Fowler-Nordheim curve can be 
determined. This slope can be related to the shape of the 
cluster. When the field emission characteristics of a cluster 
are studied after each of a series of heating cycles in which 
the temperature of the W tip is raised from room temperature 
to successively higher temperatures and then cooled again to 
room temperature, it is found experimentally that the Fowler-
Nordheim slope changes abruptly over a narrow temperature 
range, providing evidence that the cluster has melted and wet 
the surface. 
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Melting temperatures for gold clusters supported on 
tungsten determined in this way are plotted in Figure 4 as a 
function of cluster size. The melting temperatures are 
normalized to the bulk melting temperature of gold. These 
reduced melting temperatures are plotted vs inverse cluster 
radius. The circles with error estimates are the present 
measurements, while the x's are the data of Buffat and Borel. 
The theoretical curves in the Figure 4 represent variations of 
the continuum thermodynamic model of Pawlow. 

The present measurements agree quite closely with the 
earlier measurements of Buffat and Borel up to a cluster 
radius of ~1 nm at which point the melting temperature 
becomes constant at -0.4 of the melting temperature of bulk 
gold. Thus, these data serve to reconcile the apparent 
differences between the data of Buffat and Borel (7) and the 
observations of Baker (18). 

Conclusions 

The preliminary studies described above indicate the power of 
combining molecular-beam techniques for synthesizing metal 
clusters of known size and composition and techniques for 
studying individual supported clusters. It is to be expected 
that this fusion of experimental methods will lead to 
increased understanding of the complex world of supported 
metal catalysts. 

STM study of the shape of small gold clusters supported 
on a flat gold substrate indicates the singular importance of 
surface free energy in considerations of cluster morphology. 
More experiments with a controlled gas environment, different 
cluster materials, different substrate materials, and AFM are 
needed. It is expected that these studies will have an 
important impact on both our understanding of supported metal 
catalysts and thin film technology. 

FEM measurements of melting temperature establish for 
the first time the detailed dependence of this important 
quantity on particle size over the size range of interest to 
catalysis. Further studies of the electron emission from a 
single supported cluster have broad potential for determining 
the electronic structure of catalytic particles. 
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Figure 4. Plot of normalized melting temperatures of Au 

clusters as a function of the inverse of their radii. 
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Bronsted acidity, niobium oxalate catalysts, 
232-233 

Brookite, as form of titanium dioxide, 114 

Brunauer-Emmett-Teller (BET) surface areas 
TSLS complex, 121 
pillared hydrotalcites, 142 

Brunauer-Emmett-Teller (BET) value, to 
compare porosities of adsorbents, 121 

Bulk composition, SAPO molecular sieves, 39 
Bulk surface tension, aluminum foils, 310 
Butadiene, formation form 1-butene 

dehydrogenation, 216-229 
Butene, formation by hydrodesulfurization of 

thiophene, 282 
1-Butene 
dehydrogenation to butadiene, 216-229 
rate of dehydrogenation, 218,223-224 

ter/-Butylethylbenzene, dehydrogenation over 
isopolymetalate-pillared hydrotalcites, 
145,148 

C 
13C NMR spectroscopy, adsorbed carbon 

monoxide, 165-168 
Cadmium selenide, nanoscale clusters, 188-192 
Calcination 
alumina gels, 99 
catalyst used for methane coupling, 244-245 
cobalt clays, 133-136 
cobalt-aluminum hydroxycarbonates, 135-138 
effect of temperature on catalytic 

activity, 274,276/ 
effect on catalyst activity, 283 
hydrous titanium oxide catalysts, 281-286 
production of phosphoric acid on silica 

catalyst, 274 
silica-alumina gels, 99-100 
vanadium oxide catalysts, 318 

Calcination temperature 
effect on hydrodesulfurization activity, 286,287 
effect on surface area of catalysts, 283-286 

Capillary columns, propylene conversion 
studies, 78 

Carbon 
contaminant in earth-grown versus 

space-grown crystals, 11 
deposition on metal surfaces, problems 

arising from, 302 
filamentous, See Filamentous carbon 

Carbon dioxide 
chemisorption niobium oxide catalysts, 234 
supported niobium oxide on alumina, 

24Qf,241 
formation during CO hydrogénation, 

261,263 
production during methane oxidation, 248 
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INDEX 349 
Carbon felt, deposition of Ti02,115 
Carbon monoxideadsorbed 

IR studies, 163-165 
NMR studies, 165-168 

hydrogénation over Rh-Mo-AiPj catalysts, 256 
inhibition of dihydrogen activation, 261,263 

Carbon monoxide resonances, line widths, 168 
Carbon substrates, deposition of gold clusters, 333 
Carbon-13 nucleus, chemical shift anisotropy, 165 
Carbon-hydrogen bond activation, gas-phase 

clusters, 179 
Carbonylated platinum colloid, stretching 

frequency, 165 
Catalysis dispersed-phase 

in coal liquefaction, 289-298 
SeeDispersed-phase catalysis in zeolites, 66-73 

Catalyst(s) 
acidity and basicity, 244 
activity, effect of calcination, silicon, 

and sodium, 283 
CoMoHTO, effect of precalculation, 286,287/ 
development program, 282,284/ 
dispersed-phase, use for coal 

liquefaction, 289-298 
effect of precalcination on ion-exchange 

capacities, 286,287/ 
effect of surface area on preparation and 

activation, 283 
ground and unground compared, 277, 278/ 
hydrous titanium oxide, See Hydrous 

titanium oxide catalysts 
MoS2 

dispersed-phase, use in coal 
liquefaction, 289-290 

dispersion, 293 
factors affecting surface area, 294 
formation from ammonium heptamolybdate, 

293,295/ 
multifunctional, applications, 256 
NiMo, effect of composition, 282-285 
PbO-MgO-AljOj, oxidative coupling of 

methane over, 243,253 
PdHTO, factors affecting surface area, 283-286 
Rh-Mo-Al203, hydrogénation of CO over, 256 
rhenium-alumina, rates and selectivities, 

257,261 
surface area, 244 
vanadium oxide, preparation, 318 

Catalyst characterization, SAPO molecular 
sieves, 76 

Catalyst composition 
effect on activity, 282-285 
effect on performance, 257 

Catalyst concentration, effect on coal 
conversion, 296 

Catalyst deactivation, influence on product 
distribution over SAPO catalysts, 83,84/ 

Catalyst density of catalytic membrane, 
effect on ethylbenzene conversion, 210,211/ 

Catalyst metal loadings, coal 
liquefaction, 291 

Catalyst precursors 
conversion to unsupported catalysts, 289 
MoS3 and ATTM, advantages, 298 

Catalyst preparation, SAPO molecular 
sieves, 76 

Catalyst regeneration, use of air flow, 246 
Catalyst systems, neutron scattering, 25 
Catalyst turnovers, hydrocarbon oxidation, 270 
Catalytic activity 
alteration, 66 
determination for redox reactions in Y 

zeolites, 68 
effect of calcination temperature, 274,276/ 
metal colloids, 161 
N20 decomposition, 66-67 
pillared hydrotalcites, 145,148 
regeneration, 223 
SAPO molecular sieves, 77-78,80-85 
See also Activities 

Catalytic ceramic membranes, 204-214 
Catalytic cracking 
determination by MAT testing, 106-107 
over alumina-montmorillonite complexes, 108 
pillared clays, 104-112 

Catalytic stability of exchangeable cations, 
criterion, 67 

Cation(s) 
as active sites for redox reactions, 66 
pillaring of smectite clays, 140 
See also Exchangeable cations, Europium 

cations, Iron cations, Organocations, 
Tetramethylammonium cations 

Cationic clusters, deuterium saturation, 181-182 
Cellulose membranes, growth of lead iodide 

crystals, 2-12 
Ceramic membranes 
advantages over organic polymeric 

membranes, 199 
applications, 198 
background, 198 
membrane reactor applications, 204-214 
preparation, 199-204 
stability, 199 
use in catalytic systems, 204-214 

Chabazite 
conversion of cubic Ρ zeolite to, 16-19 
synthesis using organocation, 14-15 

Charge-transfer interactions, gas-phase 
clusters, 179 
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350 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Chemical properties of clusters, effect of 
cluster size, 172-186 

Chemical shift anisotropy, carbon-13 
nucleus, 165 

Chemical shifts 
magic angle spinning NM spectroscopy, 49 
relation to binding energies in molecular 

sieves, 41-46 
Chemical stability, ceramic membranes, 199 
Chemisorption 
CO, Rh-Mo-Al203 catalysts, 261,262* 
molecules onto clusters, 176 

Chloride production, photodegradation of 
dichloromethane, 116-118 

Chloritic structure, cobalt-aluminum clays, 
131-134 

Chloroform, catalytic decomposition using 
titanium dioxide, 114 

Clay(s) 
cobalt, as Fischer-Tropsch catalysts, 129-138 
pillared 
as cracking catalysts, 112 
hydrothermal stability and catalytic 

cracking, 104 
hydrothermally stable, preparation, 105 
preparation, 115 

Clay minerals 
as catalysts or catalyst supports, 140 
comparison with rectorite, 111 

Clay phases, calcination and reduction, 133-136 
Cleaning stability, ceramic membranes, 199 
Clusters) 
calculation of volume, 334 
CdSe, 188-192 
containing Ni and Te, structure, 193-194/ 
effect of size on chemical and electronic 

properties, 172-186 
effect of size on dehydrogenation of 

methane, 183 
growth to maximum size, 331 
nanometer-sized, See Nanometer-sized clusters 
NiTe, 192-195 
reactivity, 173 
supported gold, See Supported gold clusters 
supported metal, See Supported metal clusters 
surface properties, 173 
synthesis by laser vaporization and gas 

aggregation, 174 
See also Aluminum clusters, Gas-phase 

clusters, Iron clusters, Metal clusters, 
Monosized clusters, Transition metal clusters 

Cluster intermediates, molecular synthesis 
of solid-state compounds, 188-195 

Cluster ionization threshold, dependence on 
cluster size, 174,176 

Cluster-cluster agglomeration, elimination 
in condensation reactor, 331 

CO chemisorption, Rh-Mo-Al203 catalysts, 
261,262/ 

CO hydrogénation 
apparent activation energies, 257,258/ 
by catalysts of various compositions, 258/ 
kinetics, 261,262/ 
power law coefficients, 261,262/ 

Coal 
effect of heat-up rates on conversion, 294,297/ 
effect on molybdenum disulfide 

crystallites, 293 
Illinois No. 6, analysis, 290/ 
measurement of conversion, 291 

Coal liquefaction 
advantages of dispersed-phase catalysts, 289 
conditions, 290 
dispersed-phase catalysis, 289-298 
processing, development of catalysts, 279-280 

Coating of supports with sols, ceramic 
membrane fabrication, 201-202 

Cobalt chlorite, Fischer-Tropsch activity, 137-138 
Cobalt clays 
as Fischer-Tropsch catalysts, 129-138 
calcination and reduction, 133-136 
dependence of phases on aluminum content, 130/ 
syntheses, 131 

Cobalt Fischer-Tropsch catalysts, preparation, 129 
Cobalt foils, generation of surface phase 

diagrams, 313-315 
Cobalt hydrotalcite, Fischer-Tropsch 

activity, 137-138 
Cobalt hydrotalcites, formation, 130 
Cobalt hydroxides, layered, as 

Fischer-Tropsch catalysts, 129-138 
Cobalt hydroxysilicate gels, treatment to 

obtain cobalt clays, 131 
Cobalt-aluminum clays, chloritic structure, 

131-134 
Cobalt-aluminum hydroxide catalyst 

precursors, production, 131/ 
Cobalt-aluminum hydroxycarbonates, 

calcination and reduction, 135-138 
Cobalt-molybdenum hydrous titanium oxide 

catalysts, effect of precalculation, 286,287/ 
Codeposition of clusters, elimination, 332 
Coke 
deposition, deactivation of catalysts, 223 
formation, propylene conversion over SAPO 

molecular sieves, 83,86 
production, pillared smectites, 107 

Coking rates, effect of temperature, 86 
Colloidal metals, See Metal colloids 
Colloids, metal, See Metal colloids 
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INDEX 351 

Condensation, metals during cluster 
formation, 330 

Condensation reaction, sol preparations, 200 
Contact radii, supported gold clusters, 

336,337/ 
Contact time, effect on propylene 

conversion, 76 
Continuum thermodynamic model, melting 

temperatures of clusters, 339,34Qf 
Convection effects, crystal growth, 3 
Coordination environment of ions, effect on 

quadrupolar interactions, 70 
Copolymerization, propylene conversion, 76 
Coprocessing, application of hydrous 

titanium oxide catalysts, 280 
Coupling between platinum and graphite 

atoms, 157 
Cracking 

ceramic membranes, 202 
long-chain olefins, propylene 

conversion, 76 
Cracking activity 

high alumina silica-aluminas, 97-102 
pillared smectites, 105 

Cracking reactions, propylene conversion 
over SAPO molecular sieves, 86-87 

Creep, occurrence, 303 
Critical radius of curvature, clusters, 336 
Cross-linking, VPI-5 crystallization, 64 
Cross sections, neutron scattering, 25-27 
Crystal(s) 

apparatus for growth, 3,5/ 
lead iodide, SeeLead iodide crystals 
factors controlling structure, 14-15 

Crystalline high-alumina silica-aluminas 
gas oil cracking activities, 100,101; 
relative stability, 100,102/ 

Crystallinity of solids, VPI-5 
crystallization, 57/ 

Crystallization 
in space, implications for molecular sieve 

synthesis, 2r-12 
VPI-5, magic angle spinning NMR 

spectroscopy, 48-64 
zeolites, role of inorganic-organic 

interface, 31 
Cubic Ρ zeolite 

conversion to chabazite, 16-19 
conversion to organozeolites, 14-23 
conversion to other zeolites, 20-23 
synthesis, 15 

Cumene, catalytic dealkylation, 121 
Cyclohexane, dehydrogenation in palladium 

membrane reactor, 217 
Cyclohexene, oxidation, 269 

Cytochrome P 4 5 0 

biological oxidation of hydrocarbons, 265-270 
oxidation of hydrocarbons, 265-270 

D 

Data collection system, laser 
interferometry, 309 

Deactivated catalyst, X-ray diffraction 
spectra, 249/ 

Deactivation, SAPO catalysts, 80-83 
Decavanadate, exchange reactions with 

pillared hydrotalcites, 143 
Decavanadate ion 

structure, 321 
vanadium oxide supported on alumina, 323 

Decavanadate species, acidic surfaces, 326 
Decavanadate-pillared hydrotalcite 

pillar spacing, 143,146/ 
thermal behavior, 143,144/ 

Decomposition, hydrogen sulfide, use of 

membrane reactors, 217 
Decomposition reactions on substituted ZSM-5, 

91-94 
Dedydrogenation reactions, use of novel 

oxidative membrane reactor, 216-229 
Defect sites on titanium dioxide caused by 

irradiation, 118 
Deformations, aluminum foils, 310 
Dehydrated VPI-5, magic angle spinning NMR 

spectrum, 50,54/ 
Dehydration 

2-propanol, 94 
effect on structure of surface vanadium 

oxide species, 326 
Dehydrogenation 

1-butene to butadiene, 216-229 
ethane, 251 
cyclohexane, in palladium membrane 

reactor, 217 
ethylbenzene in membrane reaction, 204-214 
methane, effect of cluster size, 183 

Deposition 
clusters, on substrate, 332 
monosized clusters, 177,178/ 
transition metal clusters, 183-186 

Desorption 
nitrogen, TSLS complex, 121-124 
ethane, 251 
substituted ZSM-5, 90-94 

Deuterium saturation, gas-phase clusters, 181,182 
Deuterolysis, concentrated palladium 

colloid, 163 
Dialysis, use to concentrate suspensions, 201 
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352 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Di(arylchalcogenide) metal compounds, 
synthesis of solid-state compounds, 189 

Dichloromethane 
absorption on titanium dioxide surface, 118 
conversion, comparison of various titanium 

catalysts, 115/ 
photodegradation with titanium catalysts, 114-118 

Dideuterium concentration, effect on iron 
cluster mass spectrum, 176,178/ 

Diffusion 
iodide ions, crystal growth, 11 
protons, quasielastic neutron scattering, 28 

Diffusion patterns, effect on propylene 
conversion products, 83,86 

Diffusional motion, hydrocarbons within 
zeolites, 33 

Dihydrogen activation, inhibition by CO, 261,263 
Dihydrogen bond activation, gas-phase 

clusters, 177,179,19Qf 
Dihydrogen chemisorption 
niobium and vanadium, 179 
Rh-Mo-Al203 catalysts, 261 

Dihydropyrene, formation by hydrogénation of 
pyrene, 281-282 

Dimerization 
methane, 244 
resulting from propylene or butene feeds, 83 

Dimers, formation during gasoline 
production, 277 

Discovery mission, growth of lead iodide 
crystals, 2-12 

Dispersed-phase catalysts, use for coal 
liquefaction, 289-298 

Dispersion, molybdenum disulfide catalyst, 293 
Distillable product yields, coal liquefaction, 291 
Distorted octahedra, vanadium oxide 

supported on alumina, 324 
Double-layered cobalt hydroxides, as 

Fischer-Tropsch catalysts, 129-138 

Ε 

Earth-grown crystals 
Auger electron spectrum, 6,9/ 
growth on cellulose membranes, 6, If 
versus space-grown crystals, 2-12 

Elastic incoherent structure factor, description, 28 
Electric field vector 
legs of interferometer, 306 
two coherent beams that interfere, 307 

Electron-binding energies, iron clusters, 
177,179,18Qf 

Electron spin resonance (ESR) spectroscopy, 
europium location in Y zeolites, 70, llf 

Electron transfer 
platinum clusters supported on graphite, 
153,155/, 157,158/ 

Electronic behavior, platinum clusters, 183-186 
Electronic properties of clusters, effect of 

cluster size, 172-186 
Emission control catalysis, redox reactions 

in zeolites, 67 
Emission current of cluster, relation to 

applied voltage, 338 
Energy 
neutrons, 26 
activation, See Activation energy 

Energy-selected metal clusters, production, 177 
Equilibrium model, dehydrogenation of 

ethylbenzene, 205-209 
Equilibrium relation, dehydrogenation of 

ethylbenzene, 206 
Etching effect, oxidation of graphite, 151 
Ethane 
dehydrogenation, 251 
desorption, 251 
formation resulting from partial oxidation 

of methane, 243-253 
produced by partial oxidation of methane, 

243-253 
Ethers, use in gasoline blends, 256 
Ethyl alcohol, use in gasoline blends, 256 
Ethylbenzene dehydrogenation in membrane 

reaction, 204-214 
Ethylene 
adsorbed, NMR studies, 168 
formation resulting from partial oxidation 

of methane, 243-253 
formed by the dehydrogenation of ethane, 251 

Ethylene glycol, treatment of 
cobalt-aluminum clays, 131,133 

Ethylene hydrogénation, particle size 
sensitivity, 183 

Ethylene products, propylene conversion over 
SAPO catalysts, 83 

Ethylidyne, formation from ethylene, 168 
Europium 
in Y zeolites, quadrupolar splitting, 70 
location in Y zeolites using ESR 

spectroscopy, 70,72/" 
redox catalysis of cations in Y zeolites, 66-73 

Evaporation 
metals during cluster formation, 330 
solvent, concentration of gelation of 

stable sols, 201 
Exchangeable cations 
criterion, 67 
in Y zeolites, 66-73 
location within zeolite matrix, 68 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ix
00

2

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



INDEX 353 

Excited triplet state, tin porphyrins, 267 
Expanded layers, pillared rectorite and 

smectites, 112 

F 

Far-IR spectroscopy, exchangeable cation 
location, 68 

Field emission current, emitted by cluster, 338 
Field emission microscopy 
cluster production, 332 
supported gold clusters, 338-339,34Qf 
supported metal clusters, 329-340 

Filamentous carbon 
formation and applications, 302 
initiation and growth mechanisms over foils, 303 

Film thickness monitor, measurement of metal 
flux, 331-332 

Firing temperature, effect on porosity of 
titanium dioxide membrane, 202,203/ 

Firing the supported membrane, ceramic 
membrane fabrication, 202,203/ 

Fischer-Tropsch activity 
cobalt chlorites and hydrotalcites, 137-138 
cobalt clays and double-layered 

hydroxides, 129-138 
preparation of samples for testing, 131 

Fischer-Tropsch catalyst, transmission 
electron microgram, Y$6f 

Flexibility of structure, platinum clusters 
supported on graphite, 150-159 

Fluorine, as impurity in alumina, 326 
Foils 
metal, generation of surface phase 

diagrams, 313-315 
thin 
measurement, 302-315 
stress under an applied load, 304-306 

Force, zero creep point, 306 
Fossil fuel applications, hydrous titanium 

oxide catalysts, 280 
Fourier transform TR spectroscopy 
pyridene adsorption on TSLS complex, 126 
SAPO molecular sieves, 77 

Fowler-Nordheim law, field emission, 338 
Fraction of hydrogen removed, dehydrogena

tion of ethylbenzene, 206,209/ 
Free-radical mechanism, alkane oxidation, 269 
Free-space volumes, supported gold clusters, 

336,337/ 
Free energy 
between cluster and substrate, 336 
surface 
aluminum foils, 310 

Free energy, surface—Continued 
calculation, 303 

Fuels, automotive, oxygenates, 256 

G 
Gallium-substituted ASM-5, determination of 

lattice concentrations, 88-96 
Gas-phase contaminants, cluster production, 332 
Gas-phase metal clusters 
carbon-hydrogen bond activation, 179-181 
chemical and electronic properties, 174-186 
description, 173 
dihydrogen bond activation, 177,179,18Qf 
hydrogen saturation, 181,182 
Pauli repulsion, 179 

Gas-phase separations, use of ceramic 
membranes, 198 

Gas aggregation 
cluster synthesis, 174 
technique for cluster production, 330 

Gas cells, cluster production, 331 
Gas chromatography, SAPO catalysts, 77-78 
Gas oil cracking activities 
amorphous high-alumina silica-aluminas, 

100,101/ 
crystalline high-alumina silica-aluminas, 100,101/ 

Gas processes, partial oxidation and steam 
reforming, 129 

Gasoline blends, use of ethyl alcohol and 
ethers, 256 

Gasoline production, formation of dimers, 
trimers, and tetramers, 277-278 

Gel(s) 
silica-alumina, recrystallization, 97-102 
VPI-5 crystallization, 49-64 

Gelation, ceramic membrane fabrication, 201 
Glycerol, treatment of cobalt-aluminum 

clays, 131,133 
Gold clusters, supported, See Supported gold 

clusters 
Gold substrates 
flattening of gold clusters, 334 
preparation, 333-334 

Grain-boundary surface tension 
aluminum foils, 310 
determination, 306 

Graphite 
structure, 151-153 
structure of platinum clusters supported 

on, 150-159 
Graphite-step platinum clusters, 153-155 
Graphite-supported platinum catalysts, 

preparation, 150-151 
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354 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Gravitational effects, earth-grown crystals, 6,11 
Gravitational fields, crystal growth, 3 
Ground catalysts, comparison with unground 

catalysts, 277,278/ 
Growth mechanism, earth-grown versus 

space-grown crystals, 11 

H 

Halide salts, torsional mode frequencies, 33 
Heat-up rate, effect on coal conversion, 294 
Heating rate, TPD-TGA experiments, 90 
Heating time, relation to properties during 

VPI-5 crystallization, 51/ 
Helium, use in catalytic oxidation of 

methane, 245-246 
Heptamolybdate-pillared hydrotalcite, 

thermal behavior, 143,144/ 
Hexane, oxidation by air in acetonitrile, 

267-269 
Hexanols, photosensitized production, 267 
Hexanones, photosensitized production, 267 
Hexene products, propylene conversion over 

SAPO catalysts, 80-S3 
High-temperature steam stability, 

silica-alumina gels, 100,101/ 
Hydrated aluminophosphate molecular sieves, 

chemical shifts, 50 
Hydrated VPI-5, magic angle spinning NMR 

spectrum, 50,54/ 
Hydrocarbon(s) 
activation energies for CO hydrogénation, 260 
effect of CO over Rh-Al203 catalysts on 

formation, 256-263 
photochemically driven biomimetic 

oxidation, 265-270 
selectivity, cobalt chlorites and 

hydrotalcites, 137-138 
within zeolites, 33 

Hydrocarbon sorbates, in zeolites, UNS 
studies, 29,31 

Hydrodeoxygenation activities, hydrous 
titanium oxide catalysts, 281-286 

Hydrodesulfurization activities, hydrous 
titanium oxide catalysts, 281-286 

Hydrodynamic pressures, influence on crystal 
growth, 11 

Hydrodynamic stresses, as cause of ceramic 
membrane cracking, 202 

Hydrogen 
desorption, activation energy, 183 
neutron scattering cross section, 26,27/ 
partial pressure, effect on ethylbenzene 

dehydrogenation, 210,212/" 

Hydrogen—Continued 
permeability through palladium membrane, 

216-217,224,225-226/ 
reaction with oxygen on palladium surface, 

223-224 
removal in dehydrogenation of 

ethylbenzene, 206,209/ 
saturation in gas-phase clusters, 181,182 
saturation in metal clusters, 181-182 
uptake profiles, cobalt chlorites and 

hydrotalcites, 136/ 
Hydrogen donor solvent, effect on coal 

conversion, 296 
Hydrogen forms of molecular sieves, 

formation, 89 
Hydrogen sulfide decomposition, use of 

membrane reactors, 217 
Hydrogénation, CO 
by catalysts of various compositions, 258/ 
over Rh-Mo-AljOj catalysts, 256 

Hydrogénation activities, hydrous titanium 
oxide catalysts, 281-286 

Hydrolysis, sol preparations, 200 
Hydroprocessing catalysts, developed for 

petroleum refining, 279 
Hydropyrolysis, application of hydrous 

titanium oxide catalysts, 280 
Hydrotalcites 
pillared, See Pillared hydrotalcites 
preparation procedure, description, 244 
2-propanol conversion, 145 

Hydrothermal stability, pillared clays, 104-112 
Hydrous titanium oxide catalysts 
comparison with commercial catalysts, 280-281 
preparation, 281 

Hydrous titanium oxide ion-exchange 
compounds, properties, 280 

Hydroxyl groups, in zeolites, IINS studies, 29 
Hypochlorite, use as oxidant in hydrocarbon 

oxidation, 265 

I 

Illinois Coal No. 6, analysis, 290/ 
Imidazole, as reaction promoter, 269 
Imogolite 
as pillaring agent for smectite clays, 120 
description, 119 
intercalation into sodium montmorillonite, 120 
molecular sieving properties, 119 
preparation of pillaring solution, 120 
shape-selective catalysis, 120 

Impurities 
alumina supports, 321 
earth-grown versus space-grown crystals, 11-12 
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INDEX 355 

Impurities—Continued 
on alumina phases, measurement, 318 

Incident beam, laser interferometry, 309 
Incoherent inelastic neutron scattering 
complementary techniques, 31 
nonframework species within zeolites, 25-35 
zeolite atomic species, 26-28 

Inelastic scattering, measurement methods 
and instrumentation, 28-29 

Inhibition 
conversion of cubic Ρ zeolite to other 

zeolites, 20,23/ 
organozeolite synthesis, 22 

Inorganic salts, use in ceramic membrane 
fabrication, 201 

Inorganic solid-state compounds, synthesis, 188 
Insulation properties, earth-grown versus 

space-grown crystals, 11-12 
Intense pulsed neutron source, Argonne 

National Laboratory, 29,30f 
Intensity, interferogram, 307 
Interatomic distances, platinum clusters 

supported on graphite, 153,155/, 157,158/ 
Interdiffusion, synthesis of solid-state 

compounds, 188 
Interfacial free energy between cluster and 

substrate, 336 
Interference phase, laser interferometry, 307 
Internal stress of cluster, relation to 

radius of curvature, 336 
Interstratified illite-montmorillonites, 

properties, 111/ 
Intertubular and intratubular pores, 123 
Iodide concentrations, synthesis of lead 

iodide crystals, 4 
Iodide ions, diffusion during crystal growth, 11 
Iodosylbenzene, use as oxidant in 

hydrocarbon oxidation, 265 
Ion exchange, conversion of cubic Ρ zeolite 

to other zeolites, 22 
Ion-exchange capacity 
catalysts, effect of precalculation, 286,287/ 
determination of lattice concentrations, 89 
pillared montmorillonite, 111 

Ion-exchange properties, hydrous titanium 
oxide catalysts, 280 

Ion transport, lack of VPI-5 crystallization, 64 
Ionization potentials, metal clusters, 181 
Ionization threshold energies, metal clusters, 176 
IR spectroscopy 
adsorbed carbon monoxide, 163-165 
molecular sieve catalysts, 78-79 
SAPO molecular sieves, 77 
See also Far-IR spectroscopy, Mid-IR 

spectroscopy, Mossbauer spectroscopy 

Iron, removal from molecular sieve 
framework, 91 

Iron-substituted ZSM-5, determination of 
lattice concentrations, 88-96 

Iron cations 
changes in location in Y zeolites, 70 
redox catalysis in Y zeolites, 66-73 
turnover frequency, 66,70-73 

Iron clusters 
electron-binding energies, 177,179,18Qf 
hydrogen saturation, 181 
magnetic properties, 176 
reactivity toward dideuterium, 177 
reactivity toward dihydrogen, 

173,177,179,18Qf 
time-of-flight mass spectra, 178/ 

Iron foils, generation of surface phase 
diagrams, 313-315 

Iron oxide catalyst, dehydrogenation of 
ethylbenzene, 204-205 

Iron(II) porphyrin, oxidation of alkanes and 
olefins, 265-270 

Irradiation, titanium dioxide pillared 
clays, effect on dichloromethane 

photodegradation, 116-118 
Isobutene, oligomerization with improved 

catalyst, 272-278 
Isomeric distribution of products, propylene 

conversion over SAPO catalysts, 80-83 
Isopolymetalate-pillared hydrotalcites, 

characterization, 143,144/ 
Isotherms for adsorption and desorption of 

nitrogen on TSLS complex, 122f 

Κ 

Kieselguhr, preparation of phosphoric acid 
on silica catalyst, 273 

Kinetic model, dehydrogenation of 
ethylbenzene, 208 

Kinetics, CO hydrogénation, 261,262/ 
Knight shift interaction, carbon monoxide 

adsorbed on metal colloids, 166 

L 

Laser interferometer, schematic, 308/ 
Laser interferometry 
description, 306-307 
measurement of surface tension of thin 

foils, 302-315 
Lattice concentrations of B-, Ga-, and 

Fe-substituted ZSM-5,88-96 
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Lattice distortion, platinum clusters 
supported on graphite, 157,158/ 

Lattice expansion, platinum clusters 
supported on graphite, 153,155/ 

Lattice vibrations, vanadium oxide species, 319,321 
Layered cobalt hydroxides, as 

Fischer-Tropsch catalysts, 129-138 
Lead iodide crystals 
characterization, 6-12 
earth-grown versus space-grown, 2-12 
symmetry of growth, 4-7 
synthesis, 4 

Lead oxide, cycling in a redox cycle, 248 
Lead oxide-MgO-Al203 catalyst, oxidative 

coupling of methane over, 243,253 
Length change of a sample, laser 

interferometry, 307 
Length measurement methods, zero creep 

technique, 304/ 
Locking collars, zero creep reactor, 309 
Low-nuclearity metal clusters, flexibility 

of structure, 150-159 

M 

Magic angle spinning NMR spectroscopy 
^Al, VPI-5 crystallization, 50-63 
31P, VPI-5 crystallization, 48-64,50-63 
terephthalate-decavanadate-pillared 

hydrotalcite, 147/ 
See also NMR spectroscopy 

Magnetic properties of Fe and Al clusters, 
dependence on cluster size, 176 

Manganese(III) porphyrin, oxidation of 
alkanes and olefins, 265-270 

Manganese tetî henylporphyrin, as catalyst, 269 
Mass spectrometry, observation of desorbing 

gases, 90 
Mass transfer, effect on propylene 

conversion over SAPO molecular sieves, 83,86 
Mass-selected metal clusters, production, 

177,17Çf 
Mechanical stability, ceramic membranes, 199 
Mechanism of VPI-5 crystallization, 56,64 
Melt techniques, crystal growth, 3 
Melting temperatures 
supported gold clusters, 333 
supported metal clusters, 338-339,34Qf 

Membrane reactors 
advantages, 216 
application of inorganic and 

high-temperature membranes, 217 
configurations, 216 
factors affecting, 217 

Membrane reactors—Continued 
use for dehydrogenation reactions, 216-229 
use of ceramic membranes, 204-214 

Membranes 
cellulose, growth of lead iodide 

crystals, 2-12 
ceramic, See Ceramic membranes 
palladium, See Palladium membranes 
titanium dioxide, effect of firing 

temperature on porosity, 202,203/ 
use in reactors to enhance reaction yield 

and conversion, 216 
Mesoporosity, TSLS complex, 121-124 
Metal(s) 
evaporation and condensation during 

cluster formation, 330 
surface energy measured by zero creep 

technique, 303-304 
Metal alkoxides, hydrolysis, 199-200 
Metal clusters 
effect of size on chemical and electronic 

properties, 172-186 
hydrogen saturation, 181-182 
ionization potentials, 181 
relation between ionization potential and 

electron affinity, 174 
supported, See Supported metal clusters 
See also Transition metal clusters 

Metal colloids 
catalytic activity, 161 
characterization, 162-163 
efficiency as catalysts, 160 
investigation of surface chemistry, 160-170 
preparation, 161-162 
stability, 163 

Metal oxide surface species, determination 
of molecular structures, 317 

Metal oxides, use in methane dimerization, 244 
Metal-chalcogenide cluster compounds, 

isolation, 192 
Metalloporphyrins, alkane oxidation, 269 
Methane 
activation on neutral clusters, 179-181 
dimerization, 244 
effect of cluster size on dehydrogenation, 183 
effect of temperature on conversion, 

246,247/ 
partial oxidation to ethane, 243-253 
thermal stability, 244 

Methanol 
as automotive fuel, 256 
conversion to gasoline, 75 
effect of CO over Rh-Al203 catalysts on 

formation, 256-263 
formed by hydrogénation of CO, 256 
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Methylcyclohexyl cation 
effect on zeolite conversions, 16,22 
high-energy conformation, 22,23/ 

Methylviologen, oxidation of alkanes and 
olefins, 266 

Micelle reaction medium, prepartion of CdSe, 189 
Microactivity test (MAT) 
determination of catalytic cracking, 106-107 
pillared montmorillonite, 105 
pillared smectites, 105,107 

Microbial degradation stability, ceramic 
membranes, 199 

Microporosity, TSLS complex, 119-127 
Microporous volume, TSLS complex, 123 
Mid-IR spectroscopy, exchangeable cation 

location, 68 
Molecular clusters of NiTe, 192-195 
Molecular precursor method, synthesis of 

solid-state compounds, 188 
Molecular sieves 
all-silica, synthesis using an organocation, 14 
formation of hydrogen forms, 89 
hydrated aluminophosphate, chemical shifts, 50 
magic angle spinning NMR spectroscopy, 48 
synthesis, implications of crystallization 

in space, 2-12 
See also Silicoaluminophosphate molecular 

sieves 
Molybdate-pillared hydrotalcites 
effect of oxygen in the feed, 148 
synthesis, 141 

Molybdenum, effect on rates and 
selectivities of rhenium-alumina 
catalysts, 257,261 

Molybdenum bronzes, formation, 261 
Molybdenum catalyst 
precursor, production of dispersed-phase 

MoS2 catalysts, 290 
Rh dispersion, 261 

Molybdenum disulfide catalyst 
dispersed-phase, use in coal liquefaction, 289-290 
dispersion, 293 
factors affecting surface area, 294 
formation from ammonium heptamolybdate, 

293,295/ 
X-ray diffraction patterns, 293,295/ 

Molybdenum oxalate, as precursor for 
supported molybdenum oxide catalysts, 233 

Molybdenum disulfide 
advantages over ammonium heptamolybdate as 

catalyst precursor, 298 
preparation, 293 
use in preparation of dispersed-phase catalysts, 294 

Monochromatic incident beam, extraction from 
broad incident spectrum, 28 

Monomelic tetrahedra, vanadium oxide 
supported on alumina, 324 

Monosized clusters, deposition, 177,178/ 
Montmorillonite, pillared, use in gas oil 

cracking, 105 
Mordenite, diffusional motion of 

hydrocarbons within, 33 
Morphology, platinum clusters supported on 

graphite, 150-159 
Mossbauer spectroscopy 
exchangeable cation location, 68 
redox catalysis in Y zeolites, 66-73 

Multifunctional catalysts, applications, 256 
Multimetallic catalysts, use in coal 

processing, 280 
Multiple expansion cluster source, cluster 

production, 330-333 

Ν 
Nanometer-sized clusters, production, 330 
Nanoscale clusters of CdSe, 188-192 
NASA Discovery mission, growth of lead 

iodide crystals, 2-12 
Neutron(s) 
energy, 26 
generation and detection, 29 

Neutron scattering 
advantages, 26-28 
cross sections, 25-27 
nonframework species within zeolites, 25-35 
time of flight, 29 

Nickel clusters, hydrogen saturation, 181-182 
Nickel foils, generation of surface phase 

diagrams, 313-315 
Nickel tellenide, molecular clusters, 192-195 
Nickel-molybdenum catalysts, effect of 

composition, 282-285 
Niobium, dihydrogen chemisorption, 179 
Niobium cluster cations, reactivity toward 

dihydrogen, 173 
Niobium clusters, hydrogen saturation, 181 
Niobium ethoxide, supported niobium oxide 

catalysts, 233 
Niobium oxalate 
applications for catalysts, 232 
as precursor for supported niobium oxide 

catalysts, 232-241 
in aqueous solutions, 234,237/, 238 

Niobium oxide, supported on alumina, 238-241 
Niobium oxide catalysts 
niobium oxalate precursor, 232-241 
preparation, 233 
Raman spectra, 234 
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Niobium oxide compounds, Raman frequencies, 
236/ 

Niobium oxide overlayer, on alumina support, 
238,241 

Nitrogen adsorption and desorption, TSLS 
complex, 121-124 

Nitrogen bubbling of rutile, effect on 
photodegradation of dichloromethane, 116 

Nitrogen content of product, conversion of 
cubic Ρ zeolite to chabazite, 16,19/ 

Nitrous oxide decomposition 
catalytic activity, 66-67 
turnover frequency of iron cations, 66,70-73 

NMR spectrometer, synthesis of VPI-5 inside, 
56-63 

NMR spectroscopy 
adsorbed carbon monoxide, 165-168 
adsorbed ethylene, 168-169 
Al magic angle spinning, VPI-5 

crystallization, 50-63 
1 3 C, adsorbed carbon monoxide, 165-168 
comparison with X-ray photoelectron 

spectroscopy, 41 
solid-state, See Solid-state NMR spectroscopy 
tetrahedral atom arrangements in SAPO 

molecular sieves, 38-46 
See also Magic angle spinning NMR spectroscopy 

Nonene, production using phosphoric acid on 
silica catalyst, 273 

Nonpolar group, effect on conversion of 
cubic Ρ zeolite to other zeolites, 20,22 

Nonporous support, coating with sols, 202 
Norbornanes, effect on zeolite conversions, 16,22 
Nucleation, earth-grown versus space-grown 

crystals, 11 

Ο 

Occluded template cations, torsional 
vibrations, 31-33,34/ 

Octahedral layers, clay minerals, 111 
Octahedral surface niobium oxide species, 238 
Octahedral surface vanadium oxide species, 

supported on alumina, 323-327 
Octahedral vanadium(V) oxide compounds, 

Raman spectra, 32Qf 
Octahedrally coordinated aluminum, VPI-5,56 
Oil refining, products of conversion processes, 272 
Olefins 
catalyzed hydrosilylation, 161 
conversion to aliphatic products, 75 
oligomerization on SAPO molecular sieves, 83 

Olefins—Continued 
photochemically driven biomimetic 

oxidation, 265-270 
products of propylene conversion over SAPO 

catalysts, 80-83 
retention times during capillary column 

separation, 86-87 
Oligomerization 
caused by substituted ZSM-5,93 
isobutene with improved catalyst, 272-278 
olefins on SAPO molecular sieves, 83 
propylene conversion, 76 

Organic ditellurides, use in preparing 
Te-containing compounds, 188 

Organic polymeric membranes, comparison with 
ceramic membranes, 199 

Organocations, effect on zeolite synthesis 
reactions, 15 

Organometallic cluster compounds, as 
intermediates in solid-state compound 
synthesis, 188 

Organometallic vapor phase epitaxy, 
preparation of Te-containing compounds, 188 

Organozeolites 
converted from cubic Ρ zeolites, 14-23 
production using cubic Ρ zeolite, 14-23 
synthesis, 15 

Orthosilicic acid, preparation of pillaring 
solutions, 106 

Orthovanadate species, basic surfaces, 326 
Oxidation 
biomimetic, alkanes and olefins, 265-270 
effect on surface tension, 310 
hydrocarbons, photochemically driven, 265-270 
hydrogen 
palladium membrane reactor, 218,223-224 
permeation side of palladium membrane 

reactor, 228/, 229 
Y zeolites 
effect of oxidizing gas, 73 
effect of structure, 73 

Oxidative coupling, methane over 
PbO-MgO-Al203 catalyst, 243-253 

Oxidative membrane reaction, use for 
dehydrogenation reactions, 216-229 

Oxide sols, synthesis via the sol-gel 
process, 199-201 

Oxidized graphite, structure, 151-153 
Oxidized Y zeolites, Mossbauer spectra, 68,69/ 
Oxygen 
partial pressure, aluminum oxidation, 313 
reaction with hydrogen on palladium 

surface, 223-224 
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Oxygen bubbling of rutile, effect on 
photodegradation of dichloromethane, 116 

Oxygen deficiency, during methane 
oxidation, 248 

Oxygenates 
activation energies for CO hydrogénation, 260 
as automotive fuels, 256 
selectivity of CO hydrogénation to, 257 

Ρ 

31P magic angle spinning NMR spectroscopy, 
VPI-5 crystallization, 48-64,50-63 

Palladium, dispersion of colloidal particles, 162 
Palladium catalyst, syngas conversion to 

methanol, 75,77 
Palladium clusters, size-selective 

chemisorption, 179-181 
Palladium colloid 
IR studies of adsorbed carbon monoxide, 163-165 
NMR studies of adsorbed carbon monoxide, 

165-168 
NMR studies of adsorbed ethylene, 168-169 
preparation, 166 

Palladium hydrous titanium oxide catalysts, 
factors affecting surface area, 283-286 

Palladium membrane(s) 
areas of application, 217 
as catalyst for oxidation, 218 
background, 216-217 
hydrogen permeation, 216-217 
measurement of hydrogen permeability, 

224,225-226/ 
Palladium membrane reactor 
equations describing, 219/ 
experimental system parameters, 22 Π 
schematic, 217 
structure, 218,22Qf 

Palladium vapor, generation, 162 
Partial pressure of hydrogen, effect on 

ethylbenzene dehydrogenation, 210,212/" 
Particle(s) 
graphite, platinum clusters supported on, 150-159 
onset of mobility on substrates, 338 
relation of melting temperature to radius, 

338-339,34Qf 
Particle aggregation, during and after sol 

synthesis, 200-201 
Particle morphology, platinum clusters 

supported on graphite, 150-159 
Particle size, effect of aging of titanium 

dioxide sols, 20O-201,203/ 

Particle size distribution 
metal colloids, 169 
platinum clusters supported on graphite, 153 

Particle size sensitivity, ethylene 
hydrogénation, 183 

Pauli repulsion, gas-phase clusters, 179 
Pentasil zeolites, synthesis, 22 
Peptization, sol preparation, 200 
Permeability, hydrogen through palladium 

membrane, 224,225-22̂  
Permselective reactor 
comparison with conventional reactor, 210,2Y2f 
effect of temperature on selectivity, 210,213/, 214 
schematic, 211/ 

Permselective reactor model 
assumptions, 208 
dehydrogenation of ethylbenzene, 208-214 

PH 
effect on niobium oxalate in aqueous 

solutions, 235 
effect on surface area of catalysts, 283-286 
use to adjust pore size of alumina, 99 
VPI-5 crystallization, 56 
VPI-5 synthesis, 50 

pH changes 
conversion of cubic Ρ zeolite to chabazite, 16 
conversion of cubic Ρ zeolite to other 

zeolites, 20,21/ 
Phosphine, synthesis of NiTe, 192 
Phosphoric acid on silica catalyst 
oligomerization of isobutene, 272-278 
preparation, 273-274 

Phosphorus 
binding energies in SAPO molecular 

sieves, 41 
local environment in SAPO molecular 

sieves, 41 
VPI-5 crystallization, 56 

Phosphorus sites, VPI-5,50,54/ 
Phosphorus substitution, SAPO molecular 

sieves, 39-40 
Photochemically driven biomimetic oxidation, 

alkanes and olefins, 265-270 
Photodegradation of dichloromethane with 

titanium catalysts, 114-118 
Photoelectron kinetic energies, SAPO 

molecular sieves, 39-40 
Pillared clays 
as cracking catalysts, 112 
hydrothermal stability and catalytic 

cracking, 104 
hydrothermally stable, preparation, 105 
preparation, 115 
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Pillared hydrotalcites 
catalytic activity, 145 
charterization, 142-143 
synthesis, 141-142 
variable pillar spacing, 143-147 

Pillared interstraufied illite-montmorillonites 
hydrothermal stability and catalytic cracking, 109 
properties, 111/ 

Pillared montmorillonite, use in gas oil 
cracking, 105 

Pillared products 
characterization, 106 
prepartion, 106 

Pillared rectorite, hydrothermal stability, 105 
Pillared smectites 
cracking activity, 104-105 
hydrothermal stability and catalytic 
cracking, 107-109 

hydrothermally stable, preparation, 105 
MAT activity, 104 
pore openings, 104 
thermal and hydrothermal stability, 104 

Pillaring agents, thermal instability, 140 
Pillaring solutions, preparation, 106 
Platelets 
scanning Auger micrograph, 6 
space-grown crystals, 6 

Platinum, imaging of particles by 
transmission electron microscopy, 162 

Platinum carbonyl cluster, isolation, 165 
Platinum catalysts, preparation, 150-151 
Platinum clusters 
electronic behavior, 183-186 
hydrogen saturation, 181-182 
mass-selected, monodispersed, 183-186 
on basal planes, structure, 153-158 
on graphite steps, structure, 153-155 
size-selective chemisorption, 179-181 
supported on graphite, structure, 150-159 
valence band spectra, 184-185/ 

Platinum colloid 
IR studies of adsorbed carbon monoxide, 163-165 
NMR studies of adsorbed carbon monoxide, 

165-168 
Platinum substrates, preparation, 333-334 
Platinum vapor, generation, 162 
Plug flow conditions, oxidative membrane 

reactor, 218 
Poisoning studies, titanium dioxide 

catalysts treated with NaCl, 118 
Polyoxometalate-pillared hydrotalcites 
basicity, 145 
d-spacings, 143,145 

Pore diameters, xerogels, 204 

Pore size 
control in high-alumina silica-aluminas, 97-102 
effect on propylene conversion products, 86-87 
molecular sieves, effect on product 

distribution, 80-83 
pillared smectites, effect of aluminum 

chlorohydrate solution, 108 
silica-aluminas, effect of water used 

during recrystallization, 98 
Pore size distribution 
pillared smectites, effect of aluminum 

chlorohydrate solution, 108 
silica spheres, 273-274,275/ 

Pore size limitations, ceramic membranes, 202 
Pore system, SAPO molecular sieves, 78 
Pore volume 
pillared interstratified 

illite-montmorillonites, 109 
pillared smectites, effect of aluminum 

chlorohydrate solution, 108 
silica-aluminas, effect of water used 

during recrystallization, 98 
silica spheres, 274 
titanium oxide pillared smectites, 109 
TSLS complex, 121,123 

Porosity 
titanium dioxide membrane, effect of 

firing temperature, 202,203/ 
TSLS complex, 119-127 

Porous support, coating with sols, 201 
Porphyrins, oxidation of alkanes and 

olefins, 265-270 
Potassium iodide, synthesis of lead iodide 

crystals, 4 
Powder neutron diffraction, zeolite studies, 26 
Precursors, catalyst, MoS3 and ATTM, 

advantages, 298 
Pressure, dehydrogenation of ethylbenzene, 

206,207/ 
Pressure differentials, effect on hydrogen 

permeability through palladium membrane, 
224,225-226/ 

2-Propanamine 
decomposition on substituted ZSM-5,93 
on substituted ZSM-5, TPD-TGA results, 91-96 
use in temperature-programmed desorption 

studies, 88-96 
2-Propanol 
adsorption on substituted ZSM-5,94 
conversion by hydrotalcites, 145 
dehydration, 94 
use in temperature-programmed desorption 

studies, 88-96 
Propene, desorption on substituted ZSM-5,91-94 
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Propylene, acid-catalyzed conversion, 83,85/ 
Propylene conversion 
effect of temperature, 80-83,85/ 
over S APO molecular sieves, 75-87 
reaction pathway, 76 

Protein crystals, growth in space, 3 
Proton diffusion, quasielastic neutron 

scattering, 28 
Pulsed cluster beam apparatus, schematic, 175/ 
Purge gas flow rate, effect on 

dehydrogenation of 1-butene, 224-227 
Purity, earth-grown versus space-grown 

crystals, 11-12 
Pyrene, hydrogénation to dihydropyrene, 281-282 
Pyridine adsorption, TSLS complex, 126,127/ 

Q 

Q particles, preparation techniques, 204 
Quadrupolar splitting, Mossbauer spectra of 

Y zeolites, 68-71 
Quartz wool, support of catalyst beds, 245 
Quasielastic neutron scattering 
description, 28 
proton diffusion, 28 
tetramethylammonium-sodalite, 33,34/ 
zeolite studies, 26 

Quasimelting, supported gold clusters, 333 
Quaternary ammonium compounds, conversion of 

cubic Ρ zeolite to organozeolites, 20,211 
Quaternary ammonium iodides, conversion of 

cubic Ρ zeolite to chabazite, 16, lit 
Quaternary ammonium templates, effect on 

zeolite conversions, 14-23 

R 

Radial electron distribution, platinum 
clusters supported on graphite, 
153,155/, 157,158/ 

Radius of curvature of cluster, relation to 
internal stress, 336 

Raman frequencies, niobium oxide 
compounds, 236* 

Raman spectroscopy 
bismuth vanadate, 324 
niobium oxalate in aqueous solutions, 231/ 
niobium oxide compounds, 236/ 
niobium oxide catalysts, 233 
sodium-vanadium oxide compounds, 324 
supported niobium oxide on alumina, 239/", 241/ 
vanadium(V) compounds, 320f 

Raman spectroscopy—Continued 
vanadium oxide supported on alumina, 317-327 

Rare earth exchanged zeolite Y, 
alumina-montmorillonite complexes as 
matrices for, 108 

Rate constant, dehydrogenation of 1-butene, 
218,223-224 

Reactant flow rate, effect on 
dehydrogenation of 1-butene, 224 

Reaction equilibrium constant, 
dehydrogenation of 1-butene, 218 

Reaction rate constant, dehydrogenation of 
1-butene, 218,223-224 

Reaction rates, factors affecting, 261 
Reaction selectivity, role in global optimization 

problem, 208 
Reactor, membrane, See Membrane reactors 
Reactor system, isobutene oligomerization, 275/ 
Recrystallization, silica-alumina gels, 97-102 
Rectorite, pillared, hydrothermal stability, 105 
Redox catalysis in zeolites, 66-73 
Redox cycle, partial oxidation of methane to 

ethane, 243-253 
Redox properties of exchange cations, 

factors controlling, 73 
Reduced Y zeolites, Mossbauer spectra, 70,71/ 
Reduction 
cobalt clays, 133-136 
cobalt-aluminum hydroxycarbonates, 135-138 
Y zeolites, effect of structure, 73 

Regenerated deactivated catalyst, X-ray 
diffraction spectra, 250/" 

Regeneration of catalysts, use of air flow, 246 
Relaxation on substrate, clusters, 336 
Relaxation time, adsorbed carbon monoxide on 

palladium colloid, 166,169 
Resonance 
adsorbed carbon monoxide 
broadening, 169 
line widths, 168 

adsorbed ethylene, observation, 169 
Retention times, olefins during capillary 

column separation, 87 
Reverse micelle reaction medium, prepartion 

ofCdSe, 189 
Rhenium dispersion, Mo catalysts, 261 
Rhenium-alumina catalysts, rates and 

selectivities, 257,261 
Rhenium-molybdenum catalysts 
comparison with industrial Cu-Zno-A^Oj 

catalysts, 260-261 
hydrogénation of CO over, 256 

Rhodium clusters, hydrogen saturation, 
181-182 
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Ring-stretching band, pyridine coordinated 
to acid sites, 126,127/ 

Rutile 
activity compared with anatase, 116 
as form of titanium dioxide, 114 
oxygen and nitrogen bubbling, 116 

S 

Scanning Auger microscopy, synthesis of lead 
iodide crystals, 4,6, IQf 

Scanning electron microscopy, studies of 
supported metal clusters, 329-340 

Scanning tunneling microscopy (STM) 
mapping of surface heterogeneities, 151 
oxidized graphite, 151,152/" 
supported gold clusters, 333-337 

Selectivity 
advantages of increasing, 260 
packed bed and membrane reactors, 210,213/, 214 
phosphoric acid on silica catalysts, 277 

Selectivity control 
CO hydrogénation over Rh-Mo-Al203 

catalysts, 256-263 
use of activation energy differences, 260 

Self-self correlation function, definition, 28 
Shielded organocations, surface ion exchange, 22 
Shuttle mission, growth of lead iodidecrystals, 2-12 
Sieve, molecular, See Molecular sieve 
Signal-to-noise ratio, earth-grown versus 

space-grown crystals, 6,11 
Silanols, interaction with 2-propanamine, 93 
Silica, phosphoric acid on, use as a 

catalyst, 272-278 
Silica spheres, characteristics, 273-274 
Silica substrates, deposition of gold clusters, 333 
Silica-aluminas 
high alumina content, 97 
preparation, 97 
recrystallization, 97-102 
synthesis of chabazite, 16,18/ 

Silicate-layered silicate noncomposite 
catalyst, microporosity and acidity, 119-127 

Silicoaluminophosphate (SAPO) molecular 
sieves 

bulk and surface compositions, 39-40 
catalytic activity, 75-87 
characterization, 76-79 
comparison of XPS and solid-state NMR 

results, 38-46 
conversion of light olefins to heavier species, 76 
description, 38 
inelastic neutron scattering, 33,34/ 
IR spectroscopy, 78-79 

Silicoaluminophosphate (SAPO) molecular 
sieves—Continued 

preparation, 76 
propylene conversion over, 75-87 

Silicon 
binding energies in molecular sieves, 43,45/, 46 
local environment in SAPO molecular 

sieves, 43,45/ 
substitution mechanisms in 

aluminophosphate structures, 43 
Silicon addition 
effect on catalyst activity, 283 
effect on surface area of catalysts, 283-286 

Silicon enrichment, SAPO molecular sieves, 39-40 
Silicon oxide, hydrothermal stability and 

catalytic cracking, 108-109 
Silicon oxide-aluminum oxide pillared 

smectites, hydrothermal stability and 
catalytic cracking, 108-109 

Silicon substitution for phosphorus, SAPO 
molecular sieves, 41 

Silicon-rich environments, silicon binding 
energies, 46 

Silicon-to-aluminum ratio 
Y zeolites 
effect on Mossbauer spectra, 66-73 
effect on turnover frequency of iron 
cations, 70,72/ 

Single crystals, growth using melt techniques, 3 
Single-crystal neutron diffraction, zeolite 

studies, 26 
Singlet oxygen 
formation by intermolecular 

triplet-triplet annihilation, 269 
photochemical reactions, 267-269 
reactivity, 267 

Sintering temperature of membranes, as 
operational limitation, 210 

Site reactivity, Rh-Mo-Al^ catalysts, 261,262* 
Size-selective chemisorption, platinum and 

palladium, 179-181 
Small-angle neutron scattering, zeolite studies, 26 
Small-molecule adsorption, spectroscopic 

studies, 163-169 
Smectite clays, pillaring with cations, 140 
Smectites, pillared, SeePillared smectites 
Sodium 
as impurity in alumina, 324 
effect on catalyst activity, 283 

Sodium chloride, poisoning of titanium 
dioxide catalysts, 118 

Sodium vanadium oxide compounds, Raman 
bands, 324 

Sodium zeolite X, diffusional motion of 
hydrocarbons within, 33 
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Sol preparation, ceramic membrane 
fabrication, 199-201 

Sol-gel processing of ceramic precursors, 
renewed interest in, 198 

Solid-state compounds, cluster intermediates 
in molecular synthesis, 188-195 

Solid-state NMR spectroscopy 
determination of lattice concentrations, 89 
tetrahedral atom arrangements in SAPO 

molecular sieves, 38-46 
Solids, measurement of surface tension, 303 
Solubility curve, niobium oxalate in aqueous 

solutions, 237/ 
Solvent type, effect on coal conversion, 296 
Sorbate molecules, in zeolites, IINS studies, 29,31 
Space-grown crystals 
Auger electron spectrum, 6,8/ 
growth of lead iodide crystals on 

cellulose membranes, 2-12 
scanning Auger micrograph, 6,10/ 
versus earth-grown crystals, 2-12 

Space research, areas of importance, 2-3 
Spacelab III, crystal growth, 3 
Spinning of samples, magic angle spinning 

NMR spectroscopy, 49 
Square-pyramidal coordination, vanadium(V) 

oxide compounds, 319,321 
SSZ-13 (chabazite) 
conversion of cubic Ρ zeolite to, 16-19 
synthesis using organocation, 14-15 

Stability 
ceramic membranes, 199 
terephthalate-pillared hydrotalcite, 142 

Stabilizing agent, metal colloid preparation, 162 
Stainless steel, effect on methane oxidation, 245 
Steam, use in dehydrogenation of 

ethylbenzene, 204-205 
Steam deactivation, pillared smectites, 107 
Steam stability, high alumina 

silica-aluminas, 97-102 
Steam-to-oil ratio, dehydrogenation of 

ethylbenzene, 206,207/ 
Steaming, production of phosphoric acid on 

silica catalyst, 274 
Strain rates, thin foils, 306 
Stress of cluster, relation to radius of 

curvature, 336 
Stresses, thin foils, 304-306 
Stretching frequency 
carbonylated platinum colloid, 165 
surface-adsorbed carbon monoxide, 165 

Stretching modes 
alkali metavanadates, 321 
Raman spectra of niobium oxide compounds, 234 
Raman spectra of vanadium oxide species, 319 

Styrene, produced by dehydrogenation of 
ethylbenzene, 205-206 

Sulfidation, hydrous titanium oxide 
catalysts, 281-286 

Superficial composition, See Surface composition 
Supported gold clusters 
FEM studies, 338-339,34Qf 
range of sizes, 331 
STM studies, 333-337 
ΤΈΜ studies, 332-333 

Supported membrane firing, ceramic membrane 
fabrication, 202,203/ 

Supported metal clusters 
production, 331 
STM and FEM studies, 329-340 

Supported niobium oxide catalysts 
niobium oxalate precursor, 232-241 
on alumina, 238-241 

Surface-adsorbed carbon monoxide, stretching 
frequency, 165 

Surface area 
catalysts, 244,283 
hydrous titanium oxide catalysts, 280 
molybdenum disulfide catalyst, 294 
pillared interstratified 

illite-montmorillonites, 109 
pillared smectites, 107,108 
stabilities of silica-aluminas, 100,101/ 
titanium oxide pillared smectites, 109,11QT 

Surface chemistry, metal colloids, 160-170 
Surface compositions, SAPO molecular sieves, 39 
Surface energy, metals, measured by zero 

creep technique, 303-304 
Surface free energy 
aluminum foils, 310 
calculation, 303 
effect on stable solid phase, 315 

Surface impurities, on alumina phases, 
measurement, 318 

Surface metal oxide species, determination 
of molecular structures, 317 

Surface phase diagrams, generation using 
laser interferometry, 313-315 

Surface properties, small clusters, 173 
Surface tension 
aluminum foils, 302-315 
effect of oxidation, 310 
effect of temperature, 310 
solids, measurement, 303 
thin foils, measurement, 302-315 
tin foils, 313 

Surface vanadium oxide overlayer, Raman 
bands, 323 

Surface vanadium oxide species, selectivity 
for hydrocarbon oxidation, 317 
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Swelling properties, cobalt-aluminum clays, 131 
Syngas, conversion to methanol, 75 

Τ 

Tammann temperature 
occurrence of creep, 303 
particle melting, 338 

Tantalum clusters, hydrogen saturation, 181 
Tellurium compounds, preparation using 

organic ditellurides, 188 
Temperature 
calcination 
effect on catalytic activity, 274,276/ 
effect on hydrodesulfurization activity, 286,287 
effect on surface area of catalysts, 283-286 

dehydrogenation of ethylbenzene, 206,207/, 209/ 
effect of selectivity of perm selective and 

conventional reactors, 210,213/, 214 
effect on catalyst performance, 257 
effect on coking rates, 86 
effect on creep of metals, 303 
effect on dehydrogenation of ethylbenzene, 

210,212/· 
effect on hydrogen permeability through 

palladium membrane, 224,225-226/ 
effect on methane conversion, 246,247/, 251 
effect on propylene conversion, 76,80-83,85/ 
effect on rate of CO hydrogénation, 256 
effect on reaction rates, 261 
effect on surface tension, 310 
firing 
effect on ceramic membranes, 202,203/ 
effect on porosity of titanium dioxide 

membrane, 202,203/ 
stability in ceramic membranes, 199 
use to increase selectivity, 260 

Temperature-programmed desorption-
thermogravimetric analysis 
(TPD-TGA), determination of lattice 
concentrations of substituted ZSM-5,88 

Temperature-programmed desorption of 
ammonia, SAPO molecular sieves, 76-79 

Temperature-programmed reduction, calcined 
clays, 133,136/ 

Temperature-programmed reduction (TPR), use 
of a H-N gas mixture, 130 

Templates, quaternary ammonium, See 
Quaternary ammonium template 

Templating species, interaction with 
zeolites, 31,32f 

Terephthalate-decavanadate-pillared hydrotalcites 
transmission electron micrograph, 146/ 
V-51 magic angle spinning NMR 

spectroscopy, 147/ 

Terephthalate-pillared hydrotalcite 
characterization, 142-143 
synthesis, 141 

Terephthalate-pillared hydrotalcites 
d-spacings, 143,145 
exchange reactions with decavanadate, 143 

Terephthalate-vanadate-pillared 
hydrotalcite, synthesis, 142 

Terminal carbonyls, carbon monoxide adsorbed 
on metal colloids, 166 

Tetrabutylammonium hydroxide (TBA), VPI-5 
crystallization, 64 

Tetraethylammonium compounds, conversion of 
cubic Ρ zeolite to other zeolites, 20 

Tetrahedral atom arrangements, SAPO 
molecular sieves, 38 

Tetrahedral layers, rectorite, 111 
Tetrahedral surface vanadium oxide species, 

supported on alumina, 323-327 
Tetrahedral vanadium (V) oxide compounds, 

Raman spectra, 32Qf 
Tetrahedrally coordinated aluminum, VPI-5,56 
Tetrahydronaphthalene, use in coal 

liquefaction, 290 
Tetraisopropyl titanate, preparation of 

hydrous titanium oxide catalysts, 281 
Tetramers 
factors causing formation, 278 
formation during gasoline production, 277-278 

Tetramethylammonium (TMA) cations 
in zeolites, torsional vibrations, 31-33,34/ 
measurements of the dynamics, 29 

Tetramethylammonium (TMA) compounds, 
conversion of cubic Ρ zeolite to other 
zeolites, 20 

Tetramethylammonium-sodalite 
inelastic neutron scattering, 33,34/ 
quasielastic neutron scattering, 33 

Thermal behavior, pillared hydrotalcites, 143,144/ 
Thermal conductivity detection, use with 

helium carrier gas, 246 
Thermal instability, pillaring agents, 140 
Thermal stability 
methane, 244 
tubular silicate-layered silicate (TSLS) 

complex, 120 
Thermodynamic equilibrium limitations, 

dehydrogenation of ethylbenzene, 205 
Thermogravimetric analysis, See 

Temperature-programmed desorption-
thermogravimetric analysis, 88 

Thermolysis of Cd(SePh)2, UV-visible 
absorption spectrum, 191/ 

Thermolysis of Cd(TePh)2, UV-visible 
absorption spectrum, 191/ 

Thin Alms, deposition of gold clusters, 333 
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Thin foils 
measurement, 302-315 
stress under an applied load, 304-306 

Thiophene, hydrodesulfurization to butene, 282 
Time of flight, neutron scattering, 29 
Time-of-flight mass spectra, iron clusters, 178/ 
Tin foils, surface tension, 313 
Tin(IV) porphyrin, oxidation of alkanes and 

olefins, 265-270 
Titanium catalysts, photodegradation of 

dichloromethane, 114-118 
Titanium dioxide 
absorption of dichloromethane, 118 
amorphous, activity compared with anatase 

and rutile, 116 
catalytic chemistry, 114-115 
defect sites caused by irradiation, 118 
effect of aging on particle size of sols, 

200-201,203/ 
effect of firing temperature on porosity 

of membranes, 202,203/ 
synthesis of sols via the sol-gel process, 200 

Titanium oxide, hydrothermal stability and 
catalytic cracking, 109 

Titanium oxide pillared smectites, 
hydrothermal stability and catalyticcracking, 109 

Torsional frequencies, dependence on zeolite 
cage size, 33 

Torsional mode frequencies, TMA cations, 31/ 
Torsional vibrations, occluded templatecations, 31 
Transition metal clusters 
bonds with hydrogen, 172 
deposition, 183-186 
description, 173 
effect of size on chemical and electronic 

properties, 172-186 
monosized, size-selective properties, 183-186 
reactivity toward dihydrogen, 179 
See also Metal clusters 

Transition metals, exchange into Y zeolites, 67 
Transmission electron microscopy 
characterization of metal colloids, 162 
cobalt-aluminum chlorite phase, 134/ 
cobalt-aluminum hydroxycarbonates, 138/ 
Fischer-Tropsch catalyst, 136/ 
platinum clusters supported on graphite, 154,156/ 
molecular synthesis of solid-state compounds, 189 
supported gold clusters, 332-333 
terephthalate-decavanadate-pillared 

hydrotalcites, 146/ 
Trimers, formation during gasoline production, 277 
Trimethylammonium-omega, quasielastic 

neutron scattering, 33 
Triplet state, tin porphyrins, 267 
Tripropylammonium compounds, conversion of 

cubic Ρ zeolite to other zeolites, 20 

Trivalent species, location in high-silica 
molecular sieves, 88-89 

Tubular silicate-layered silicate (TSLS) complex 
acid sites, 126 
adsorption of m-xylene, 123,125/ 
bimodal microporous behavior, 123 
intertubular and intratubular pores, 123 
preparation, 120-121 
pyridine adsorption, 126,127/ 
schematic, 120,122f 
thermal stability, 120 

Tumbling, colloid particles, 168 
Tungsten substrate, supported gold clusters, 

339,34Qf 
Tunneling bias voltages, imaging of gold 

clusters, 334 
Tunneling currents, imaging of gold clusters, 334 
Turnover frequency 
iron cations, 66,70-73 
Rh-Mo-Al203 catalysts, 261,262/ 

Turnover number, particle size sensitivity, 183 

U 
Ultrafiltration, use of ceramic membranes, 198 
Unground catalysts, comparison with ground 

catalysts, 277,278/ 
UV-visible absorption spectra, thermolysis 

of Cd(SePh)2 and Cd(TePh)2,189 

V 

Valence band spectra, platinum clusters, 186 
van der Waals contact, imogolite tubes, 120 
Vanadate-pillared hydrotalcite, synthesis, 141-142 
Vanadium, dihydrogen chemisorption, 179 
Vanadium clusters, hydrogen saturation, 181 
Vanadium oxalate, as a precursor for 

supported vanadium oxide catalysts, 233 
Vanadium oxide catalysts, preparation, 318 
Vanadium oxide supported on alumina 
Raman spectroscopy, 317-327 
structure types, 321,323 

Vanadium oxide surface species, selectivity 
for hydrocarbon oxidation, 317 

Vaporization, cluster synthesis, 174 
Vehicle oils, coal liquefaction, 291 
Vibration isolation table, laser interferometry, 309 
Vibrational transitions, in zeolites, UNS 

studies, 29 
Voltage, applied, relation to emission 

current of cluster, 338 
Volume 
cluster, calculation, 334 
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Volume—Continued 
supported gold clusters, 336 

VPI-5 
autoclave synthesis, 50 
synthesis inside an NMR spectrometer, 56-63 
crystallization, magic angle spinning NMR, 48-64 
X-ray powder diffraction pattern, 50,52f 

W 

Water 
addition to feed, effect on catalytic activity, 277 
effect on coal conversion, 294 
in zeolites, UNS studies, 29 
use in recrystallization of silica-alumina 

gels, 98-100 
Water-soluble catalyst precursors, 

production of dispersed-phase catalysts, 289-290 

X 

X-ray diffraction 
cobalt-aluminum chlorite phase, I32f 
deactivated catalyst, 249/ 
determination of lattice concentrations, 89 
exchangeable cation location, 68 
molybdenum disulfide catalyst, 293,295/ 
niobium oxide catalysts, 233 
nondeactivated catalysts, 249/ 
pillared interstratified 

illite-montmorillonites, 109, HQf 
PbO-MgO-Al^ catalyst, 227/ 
regenerated deactivated catalyst, 25Qf 
solid phase obtained during VPI-5 

crystallization, 50,53/ 
VPI-5,50,52f 

X-ray photoelectron spectroscopy (XPS) 
comparison with NMR spectroscopy, 41 
niobium oxide catalysts, 234 
supported niobium oxide on alumina, 24Qf, 241 
surface sensitivity, 39 
tetrahedral atom arrangements in SAPO 

molecular sieves, 38-46 

Xerogels, pore diameters, 204 
m-Xylene, adsorption by TSLS complex, 

123,125/ 

Y 

Y zeolites 
exchange of transition metals into, 67 
Mossbauer spectra of oxidized and reduced 

samples, 68-71 

Ζ 

Zeolites 
active sites, 25 
conversion to organozeolites, 14-23 
crystallization, role of inorganic-organic 

interface, 31 
cubic P, See Cubic Ρ zeolite 
interaction with templating species, 31 
neutron scattering studies of species 

within, 25-35 
redox catalysis, 66-73 
See also ZSM-5 

Zero creep foil, schematic, 35Qf 
Zero creep point, description, 306 
Zero creep reactor, schematic, 308/ 
Zero creep technique 
background, 304-306 
measurement of surface tension of solids, 303 

ZSM-5 
B-, Ga-, and Fe-substituted 
determining lattice concentrations, 88-96 
properties, 92 

conversion of light olefins to heavier 
species, 75-76 

diffusional motion of hydrocarbons 
within, 33 

formation from cubic Ρ zeolite, 20 
IR spectroscopy, 78-79 
methanol conversion to gasoline, 75 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
21

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
7.

ix
00

2

In Novel Materials in Heterogeneous Catalysis; Baker, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 




