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Abstract

The mission of this project was to use inverse micelle solutions to synthesize
nanometer sized metal particles and test the particles as catalysts in the liquefaction of coal
and other related reactions. The initial focus of the project was the synthesis of iron based
materials in pseudo-homogeneous form. The first three chapters discuss the synthesis,
characterization, and catalyst testing in coal liquefaction and model coal liquefaction
reactions of iron based pseudo-homogeneous materials. Later, we became interested in
highly dispersed catalysts for coprocessing of coal and plastic waste. Bifunctional catalysts
to hydrogenate the coal and depolymerize the plastic waste are ideal. We began studying,
based on our previously devised synthesis strategies, the synthesis of heterogenous catalysts
with a bifunctional nature. In chapter 4, we discuss the fundamental principles in
heterogenous catalysis synthesis with inverse micelle solutions. In chapter 5, we extend the
synthesis of chapter 4 to practical systems and use the materials in catalyst testing. Finally in
chapter 6, we return to iron and coal liquefaction now studied with the heterogenous

catalysts.
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Executive Summary

The mission of this project was to use inverse micelle solutions to synthesize
nanometer sized metal particles and test the particles as catalysts in the liquefaction of coal
and other related reactions. The initial focus of the project was the synthesis of iron based
materials in pseudo-homogeneous form. The first three chapters discuss the synthesis,
characterization, and catalyst testing in coal liquefaction and model coal liquefaction
reactions of iron based pseudo-homogeneous materials. Later, we became interested in
highly dispersed catalysts for coprocessing of coal and plastic waste. Bifunctional catalysts
to hydrogenate the coal and depolymerize the plastic waste are ideal. We began studying,
based on our previously devised synthesis strategies, the synthesis of heterogenous catalysts
with a bifunctional nature. In chapter 4, we discuss the fundamental principles in
heterogenous catalysis synthesis with inverse micelle solutions. In chapter 5, we extend the
synthesis of chapter 4 to practical systems and use the materials in catalyst testing. Finally in
chapter 6, we return to iron and coal liquefaction now studied with the heterogenous
catalysts.

In chapter 1, we discuss the synthesis of nanometer sized particles of Fe, Pd, and

FeS7 (pyrite) in inverse micelle solutions and testing of the particles as catalysts in coal

conversion processes. TEM shows that the smallest particles are less than 3 nm in diameter.
Electron diffraction confirms a presence of a-Fe (not crystalline oxides or borides), FCC-Pd,
and the cubic pyrite structure of FeS). Several chemical manipulation techniques have been

devised to isolate the particles as powders. Methanol washing and forced precipitation
causes uncontrolled growth of the particles and results in materials of relatively high surface
area. The ultra-small clusters can be isolated in freeze dried surfactant powders, and these
powders can be re-dispersed in a variety of organic solvents. Catalytic activity of the ultra-
small particles is determined in model compound hydrogenolysis, coal hydropyrolysis, and
coal liquefaction. When surfactant is present, catalytic activity is hindered by two
mechanisms. Surfactant chemically poisons the catalyst, and by-products of surfactant
disintegration at reaction conditions scavenge hydrogen from hydrogen donating solvents.
This latter mechanism is important in model compound hydrogenolysis and liquefaction as
these processes depend strongly on hydrogen transfer. Moderate catalytic activity is

observed in hydrogenolysis and liquefaction when the catalyst is used in a form free of



surfactant. In coal hydropyrolysis, a process that does not depend on hydrogen donating
solvents, significant catalytic activity is observed despite the presence of surfactant. We
attribute the high activity to high surface areas of the ultra-small particles and increased
contact between the coal and metal due to the wetting properties of the surfactant solutions.
Chapter 2 is a continuation of the work begun in chapter 1, but with more focus on
the characterization of the Fe particles. We have synthesized nanometer sized, highly
dispersed Fe based particles in inverse micelle systems. TEM shows that the average particle

size is less than 3 nm in diameter. Mossbauer spectroscopy confirms that the products of the

reduction reaction of iron salts with LLiBH4 are 83% FeB, 15% F62+BOX, and 2% FeV.
Methanol washing and forced precipitation causes uncontrolled growth of the particles and

results in relatively high surface area powders. FeB is converted to a-Fe then to an
undetermined Fe2+ phase and then finally to Fe304 as the degree of oxidation by exposure

to air increases. Exposure to methanol converts approximately 25% of FeB to Fe0. A shell
and core picture of the clusters develops with oxidation as detected by XPS. Iron based
metals are of interest as active, selective catalysts for a number of hydrogenation reactions
including methanation and Fischer-Tropsch synthesis. We report again catalytic results of
iron clusters in the hydrogenolysis of naphthyl bibenzyl methane (NBM), a model reaction
for coal liquefaction.

In chapter 3, we study another methodology to synthesize highly dispersed metal
particles on Fe based supports. We have prepared 2-4 nm sized Rh particles dispersed on a
variety of supports by the photochemical reduction of [(C2H4)2Rh(OEt)]2°H20 in the
presence of the supports. Rh particles were dispersed on support materials of different
morphology and composition (rod-, spindle-, cube-shaped o-Fe203, B-FeOOH, and Si0))
indicating the procedure is general. The mild photochemical reduction does not effect the
microstructure of the support. Quantitative deposition of the Rh on the support resulted as no
unreacted [(C2H4)2Rh(OEt)]2°H20 or Rh particles exist in solution after reaction. Catalytic
hydrogenation testing of the materials indicate that activity is a function of the composition
of the support but not the morphology of the support at the length scales studied. Activity is
also a function of particle size as effected by an increase in the metal loading of the material.

Thermolysis of the B-FeOOH supported material shows that the dispersion of the metal and



the morphology of the support remain constant, the crystalline f-FeOOH becomes
amorphous, and a channel structure in the amorphous material develops. As a result,
catalytic activity of the heat treated Rh on 3-FeOOH decreases.

At this time in the project, we became interested in highly dispersed catalysts
for coprocessing of coal and plastic waste. Bifunctional catalysts to hydrogenate the
coal and depolymerize the plastic waste are ideal. We began studying, based on our
previously devised synthesis strategies, the synthesis of heterogenous catalysts with a
bifunctional nature. In chapter 4, the discusssion is of nanometer sized gold particles
encapsulated in the micropores of xerogels and aerogels. Gold was studied as a
model system. The synthesis, characterization, and testing of practical materials are
described in chapter 5. We have encapsulated nanometer sized Au particles in the
micropores of xerogels and aerogels. The synthesis is a sequential reduction of a gold
salt and sol-gel processing in an inverse micelle solution. The inverse micelle
solution is used to solubilize the metal salt and provide a micro-reactor for the
nucleation, growth, and stabilization of the nanometer sized clusters. Hydrolysis and
condensation of an added siloxane precursor produces a wet gel embedding the
particles. The presence of gel precursors de-stabilizes the inverse micelle structure
resulting in larger particle sizes compared to typical inverse micelle synthesis
techniques. Particle size control is complicated by the gel precursor effect on inverse
micelle structure and the production of water and alcohol in the hydrolysis and
condensation reactions. Finally, a unique gelation technique is outlined in these
micro-heterogeneous solutions. Gelation occurs across the surfactant interface
increasing the effective H,O:Si ratio. Gelation occurs even at low H,0:Si ratios, and
condensation rates are high. Sol-gel parameters like the H,0O:Si ratio and the
surfactant concentration have unique and sometimes non-intuitive effects on the
hydrolysis and condensation rates and the resulting material properties.

Having now developed the theoretical foundations for the synthesis of heterogeneous
catalysis based on an inverse micelle synthesis, in chapter 5 we turn to a practical catalyst
system. We introduce two novel synthesis strategies to make nanoclusters on silica and
alumina supports using inverse micelle technology and sol-gel processing. In the first
methodology, sol-gel chemistry is performed in non-alcohol containing cluster, inverse

micelle solutions. Hydrolysis and condensation reactions are inefficient, but nonetheless



monoliths form around the clusters. In the second method, clusters formed in traditional
inverse micelle solutions are allowed to diffuse into pre-existing monoliths formed using
traditional sol-gel techniques (hydrolysis and condensation in ethanol). The two techniques
give materials with similar cluster sizes, but different pore dimensions. At intermediate
metal concentrations, particle sintering occurs even though metal size and pore dimensions
are equal. At low metal concentrations, no appreciable sintering occurs even though the
pores are much larger than the metal particles. We conclude that sintering is more a function
of metal loading than the relative sizes of metal particles to pore diameters. Thus, even
though sintering by particle to particle diffusion may be prevented by matching particle size
with pore size, Ostwald ripening by atomic cleavage and migration from small to large
particles dominates even in systems with equal particle and pore sizes. Our samples achieved
relatively high catalytic activity and stability over time for propane dehydrogenation
indicating that the synthesis methods described here result in catalyst performance more
typical of PtSn/ALQ, or PtSn/SiO, catalysts prepared by impregnation. This behavior may
indicate a high resistance to coke formation in our catalysts.

Finally, in chapter 6 we return to the study of coal liquefaction. We continue
our systematic characterization and catalyst activity testing of highly dispersed
heterogeneous nanostructured materials by applying the above developed technology
to the synthesis of iron based supported xerogel materials. Several iron based
samples were synthesized and tested as catalysts in coal liquefaction. One key
element of the testing involved the control of the surface acidity of the support.
Surface acidity provides the cracking sites for either coal liquefaction or coal-waste

coprocessing.



Chapter 1

Synthesis and Characterization of Coal Liquefaction Catalysts in Inverse

Micelles

Abstract
We have synthesized nanometer sized particles of Fe, Pd, and FeS7 (pyrite) in inverse

micelle solutions and tested the particles as catalysts in coal conversion processes. The
synthesis procedure produces a variety of high surface area, highly dispersed, unsupported
metal and metal compound catalysts. While Pd is used to test the viability of the particles
formed by this synthesis technique, only disposable iron based particles are of economic
interest. The particles are prepared by reduction or chemical reaction of salts solubilized in
micro-heterogeneous surfactant and oil solutions. Chemical manipulation produces metal
powders. Particle size and composition are determined by transmission electron microscopy,
electron diffraction, and UV-visible spectrophotometry. Catalysts in solution and as powders
are explored in three reactions: the hydrogenolysis of naphthyl bibenzyl methane, coal
hydropyrolysis, and coal liquefaction. The model hydrogenolysis reaction provides
information on the role of surfactant on catalytic activity. Results indicate good catalytic

activity for coal hydropyrolysis and liquefaction.

Introduction

Surfactant molecules possess two distinct moieties: a hydrophilic head group and a

hydrophobic tail group. Because of the dual nature of surfactant molecules, they self-

assemble in various solvents!. In many two component systems of surfactant and oil,
surfactants aggregate to form inverse micelles. Here, the hydrophilic head groups shield
themselves by forming a polar core, and the hydrophobic tail groups are free to move about
in the surrounding oleic phase. In three component microemulsion systems of water, oil, and
surfactant, water is solubilized within the inverse micelle structure if the water concentration

remains low. The solution takes on the structure of water droplets approximately 10-100A in



diameter dispersed in the oleic solvent with surfactant forming the boundary between the two
components.

In structured solutions such as inverse micellar and oil-rich microemulsion solutions,
polar chemical reactants can be compartmentalized in the interior of the surfactant
aggregates. Mixing two different solutions initiates a reaction sequence sustained by material
exchange between inverse micelles. The surfactant interface provides a spatial constraint on
the reaction volume, and reactions carried out in these micro-heterogeneous solutions

produce colloidal sized particles (10-100A) stabilized in solution against flocculation by
surfactant2-3. Metal alkoxide reactions#, the formation of polymer particlesss6, and the

formation of metal7-12 and semiconductor13-21 clusters are examples of chemical processes
that have been carried out in structured surfactant solutions.

The formation of ultra-small metal particles is of particular interest in the area of
chemical catalysis. The clusters are high surface area, highly dispersed, unsupported
materials. In addition, catalytic enhancement due to unique material properties (i.e. quantum

size effects) is possible. Metal clusters prepared by a number of techniques have been

studied as potential catalystszz. Reactant adsorption and the reactivity in various processes
depends strongly on particle size. The effect is not just a matter of surface area, but of a

fundamental change in the material's properties as the number of metal atoms per cluster
decreases. Pt, Pd, Rh, and Ir particles prepared via inverse micelle techniques23 have been
studied in the hydrogenation and isomerization of but-1-ene24.25 and the hydrogenolysis and

isomerization of hexanes26. The catalysts were tested in-situ in surfactant, oil solutions and
on supports. The activity of these catalysts increases when supported, and the selectivity of
the colloidal sized particles is a function of the particle size.

We have studied the formation of iron based clusters and palladium clusters in inverse
micelles and their use as catalysts in coal liquefaction reactions. Iron or palladium salts are
solubilized within the polar interior of inverse micelles. The addition of an organic based
reducing agent initiates a chemical reduction to produce Fe or Pd metal particles. The
addition of a water based sulfiding agent initiates a chemical reaction to produce FeS7
(pyrite) semiconductor particles. The clusters are characterized with respect to size and
elemental structure with transmission electron microscopy, electron diffraction, and UV-

visible spectrophotometry.



We have tested these iron based clusters for catalytic activity in a model reaction and

in coal conversion reactions. The hydrogenolysis of naphthy] bibenzyl methane is used as a

model for coal pyrolysi327. We have studied this reaction with our iron based clusters and

with a commercial catalyst for comparison. The Fe, Pd, and FeS7 particles have also been

tested in fixed bed coal hydropyrolysis and micro-batch coal liquefaction reactions. Once

again, comparison is made with commercial catalysts.

Experimental

Octane, cyclohexane, and toluene were purchased from Aldrich at 99.9+% purity.
Surfactants used include didodecyldimethylammonium bromide (DDAB) from Kodak, butyl-
ethylene glycol n-dodecyl ether (C12E4) from Nikkol, and POE (6) nonylphenol (PhgEg)
from Chem Services Inc. Metal salts used include iron(Il) chloride tetrahydrate, iron(III)
chloride hexahydrate, iron(II) perchlorate hexahydrate, and palladium chloride from Aldrich,
and iron(Il) tetrafluoroborate hexahydrate from Alfa Chemicals. Lithium borohydride in
tetrahydrofuran (2M) was purchased from Aldrich. Lithium sulfide was purchased from
Aldrich and prepared in a 1M solution with de-ionized, distilled water.

The model hydrogenolysis compound, naphthyl bibenzyl methane (NBM), was

synthesized in our laboratories using a previously developed recipe28. Coal hydropyrolysis
was carried out on bituminous Herrin Burning Star No. 2, and coal liquefaction was carried
out on DECS-17 Blind Canyon Coal obtained from the Penn State Coal Sample Bank.
DECS-17 is a HVA bituminous coal with 0.36% iron, 0.02% pyritic sulfur, and 7.34%
mineral matter (on a dry basis). Hydrogen donating solvents 1,2,3,6,7,8 hexahydropyrene
(HgPy, 98% purity) and 9,10 dihydrophenanthrene (DHP, 94% purity) were both purchased
from Aldrich. Histological grade, stabilized tetrahydrofuran (THF) and reagent grade
heptane from Fisher Scientific were used in product workups.

Synthesis of Metal Colloids (Fe, Pd). Four different iron samples and two different
palladium samples were prepared and studied (Table 1). The synthesis technique is general
and specific samples differ only in the type and concentration of salts and surfactant added to
the apolar solvents. First, the inverse micelle solutions are prepared by adding surfactant to

the solvents (i.e. DDAB in toluene, C12E4 in octane). Then, the metal salts are introduced

and the precursor salt solutions are mixed overnight on a stirring plate to assure complete



solubilization. Transparent yellow Fe salt solutions are formed, and transparent clear Pd salt
solutions are formed. 2M LiBH4/THF solution is directly injected into the salt solutions
under rapid stirring to initiate the reduction of iron or palladium. The reaction is run at a 5:1
molar ratio of [BH4]:{Fe3*] or [BH4-]:[Pd2+]. Fe solutions immediately turn clear and
transparent or black. Pd solutions turn dark purple. The reactions are carried out under dry,
oxygen-free conditions.

Two iron samples were further worked up to isolate the iron particles from solution.
In the first sample (Felll), 15 vol. % methanol was added to the particle solution. After
several hours a black precipitate was formed at the bottom of the flask below a clear and
transparent solution. The precipitate was separated from the solution by centrifugation and
washed with methanol. The process was repeated two or three times, and the powder was
finally dried. In the second sample (FelV), the volatile liquid was striped off to form a
surfactant paste that contained the iron clusters. Freeze-drying of the paste formed a particle
embedded surfactant powder. In this sample, less surfactant was used to increase the metal
concentration in the final powder. The powder is easily re-dispersed in organic solvents.

Synthesis of FeS2: Four different FeS) samples were prepared and studied (Table 1).
The synthesis is similar to the synthesis of metal colloids except 1M Li2S/H20 is injected
into the salt precursor solutions rather than a reducing agent. The surfactant solutions must
be chosen so that some degree of water can be solubilized. In FeS2IV, the precursor salt
concentration was high enough that uncontrolled growth of the particles occurred upon
reaction. The limited amount of surfactant was unable to stabilize particle growth, and the
green product precipitated from solution. The particles were separated by centrifugation,
washed, and dried to form a powder.

The samples used for UV-visible spectroscopy (FeS21I) were prepared with different
amounts of water. The synthesis is slightly different here. The precursor salt is added to
H7O first, and then the salt water is added to the surfactant, oil solution. The molarity of the
salt in water and the amount of the salt water added to the inverse micelle solutions is
adjusted to prepare samples of constant salt concentration and varying water amounts. The

inverse micelle system (PhgEg/cyclohexane) solubilizes a high degree of water. Two

different synthesis routes were studied: (1) the reaction was run at a 5:1 molar ratio of [Sp2-

10
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]:[Fe2+], (2) the reaction was run at a 1:1 molar ratio of [S72-]:[Fe2+]. The solutions
immediately turned dark green at low water concentrations and olive green at high water
concentrations.

Characterization of the Colloids: The cluster solutions are studied by electron
microscopy, electron diffraction, and UV-visible spectrophotometry. Particle size and
structure are characterized with transmission electron microscopy (TEM) and electron
diffraction. These tests are performed with a Joel 1200EX electron microscope. The
colloidal solutions are applied directly on a holey carbon grid. The solution is wicked away
by adsorbent towels under the grid and the particles are deposited on the grid. UV-visible
spectrophotometry of the particle solutions is completed in-situ with a Hewlett-Packard
8452A diode array spectrophotometer. BET surface area analysis of the methanol washed
iron powder (Felll) was carried out with a Quantachrome Autosorb-6 surface analysis
apparatus.

Naphthyl Bibenzyl Methane (NBM) Hydrogenolysis: Hydrogenolysis testing of NBM

has been developed as a model reaction for coal 1iquefaction27. We add 100 mg of NBM,
400 mg of the hydrogen donating solvent 9,10 dihydrophenanthrene (9, 10 DHP), and up to
15 wt. % catalyst on an NBM basis to a 10 ml flame sealed glass test tube. If used, 15 mg of
elemental sulfur is added. The test tube is sealed under ambient air pressure. The tube is

placed in a 400°C sand bath for one hour. Previously, NBM hydrogenolysis has been used to

study the selectivity of catalysts for five different cleavage reactions27. We do not quantify
the selectivity of the catalysts used here. Conversion is calculated as the ratio of the molar
sum of all products to the initial amount of NBM. The products are worked up in THF and
analyzed by gas chromatography. Methanol washed and freeze dried Fe powders, and freeze
dried FeSp powders were tested as catalysts. These results were compared to the commercial
catalyst Shell 324 (12.4 wt. % Mo, 2.8 wt. % Ni on Al203).

Coal Hydropyrolysis: Fixed-bed hydropyrolysis tests of bituminous Herrin Burning

Star No. 2 were performed at 520°C and 150 bar of hydrogen29. Approximately 5 gm of
coal are mixed with 10g sand in a reactor tube and heated at 5°C/sec. Char and ash are
removed and weighed after each experiment. Conversion (100% - % char yield) is based on
dry, mineral matter free coal. In-situ Fe and Pd colloids were tested as catalysts. The coal is

wet with in-situ particle solutions, then dried, then the process is repeated until the desired



amount of material is loaded on the coal. For comparison, a commercially available sulfided

Mo catalyst is dispersed by wetting the coal with a solution of (NH4)2Mo002S2. This
complex decomposes to MoS? at 400°C.

Coal Liquefaction: Batch liquefaction of Blind Canyon DECS-17 coal is performed

in a stainless steel micro-reactor at a temperature of 400°C, a cold pressure of 800 psi Hp,

and a reaction time of 30 minutes30. 2.5 g of coal, 1g of the hydrogen donating solvent
hexahydropyrene, and up to 2.5 wt. % of catalyst on a coal basis are added to the reactor.
Reaction analysis consists of extracting products with THF and heptane (C7) in two separate
stages, and the products are separated into categories depending on their solubility for the
solvents. All soluble organic matter is extracted by THF (THF solubles), and the low
molecular weight fraction of this material is extracted by C7 (C7 solubles). Insoluble organic
matter (IOM) is neither soluble in THF or C7. The difference between THF solubles and C7
solubles represents the amount of organic solubles not soluble in C7 (represented by THF
solubles/C7 insolubles). The percentage of product refers to that percentage of the original
amount of dry, mineral matter free coal added before reaction. Three particle samples were

tested: freeze dried Fe and FeS2 samples as well as a surfactant free FeS) powder (FeS21V).

Results

Particle Characterization: Transmission electron micrographs of Fe and FeS)
particles show ultra-small particles of uniform size and shape highly dispersed on the grid
(Figure 1). The number average diameter by TEM of Fel, PdI (not shown), and FeS3I
particles is 1.5 +/- 0.2 nm, 1.8 +/- 0.2 nm, and 3.1 +/- 0.1 nm, respectively. Fe particle size

as determined by TEM shows no discernible trend and is roughly constant in the ranges of

0.001M - 0.01M FeCl3 salt concentration and 1-10 wt. % DDAB in toluene. Average
particle size in this system is 2.4 nm in diameter. The size of FeS9 particles depends on the
amount of water solubilized in the inverse micelle solutions and will be discussed later.

The methanol extracted Fe powder (Felll) has been characterized by TEM and BET
surface analysis. TEM pictures show agglomeration of the highly dispersed particles. Large

agglomeration structures approximately 100 nm in size are observed. These structures

12



consist of the ultra small Fe particles (approximately 2 nm in diameter) flocculated together.

Multi-point BET analysis gives a surface area of 156 m2/gm for this sample.

Selected area electron diffraction patterns of Fell particles are consistent with the
presence of a-Fe. The electron diffraction results are not consistent with the presence of any
crystalline iron oxides or borides. Electron diffraction patterns of PdI particles are consistent
with the presence of FCC-Pd. Electron diffraction patterns from FeS2I particles are
consistent with the presence of cubic pyrite FeS). Cubic pyrite FeS2 and cubic FeS have
nearly equal theoretical scattering patterns, but the pattern we observe is distinguished from
the pattern one gets from cubic FeS because of the presence of a scattering ring from the
[220] plane in pyrite. This plane does not exist in cubic FeS. The electron diffraction pattern
is not consistent with any other crystalline Fe and S compounds.

UV-visible spectra of the FeS2II particles in solution show four distinct absorption

maxima (Figure 2a). When [S22-]:[Fe2+] is held in excess (= 5:1), the absorption maxima
shift to lower energies as the water content of the precursor inverse micelle microemulsion

increases. When [822']: [F62+] = 1, the maxima in the absorption spectra do not red shift
with increasing water content, but decrease in magnitude and move toward the spectrum
observed in the precursor salt solutions (Figure 2b). The absorption spectra also decay if the
samples are held in the presence of oxygen over the course of a day (Figure 3).

Catalyst Testing: Hydrogenolysis of naphthyl bibenzyl methane (NBM) was tested
with several inverse micelle synthesized iron based catalysts and compared with the
commercial catalyst Shell 324. We tested the methanol extracted Fe powder (Felll) with and

without sulfur additives, and we tested freeze dried Fe and FeS2 particle embedded surfactant

powders (FeIV and FeS2III). In each experiment we monitored the percentage recovery of

the reactant NBM and the percentage conversion to product527 by gas chromatography. In
each experiment we also monitored the percentage recovery of the hydrogen donating solvent
9, 10 DHP and the percentage converted to its dehydrogenated form phenanthrene. In an
average of six runs, NBM was recovered at nearly 974+/-3% in thermal runs (no catalyst) and
no product was obtained (Figures 4a and b). Some NBM was converted to products in
thermal runs with added elemental sulfur. Little 9, 10 DHP is dehydrogenated to

phenanthrene in the thermal runs. Methanol extracted Fe powder as catalyst decreased the

13



amount of NBM recovered to 87% and to 75% with added S. Product recovery
correspondingly increased. In the Fe sample tests, hydrogens are given up to the
hydrogenolysis products, and some 9, 10 DHP is dehydrogenated to phenanthrene. FelV and
FeS2III showed less catalytic activity according to the recovery of NBM. Product

conversion could not be followed, however, because of the thermal cracking of the surfactant
(bars not present in Figure 5a, D and E). Surfactant pyrolysis by-products disrupt GC
analysis. Large amounts of the 9, 10 DHP was dehydrogenated to phenanthrene.

Much higher product yields were obtained with Shell 324 (Figure 5). Higher
conversions of 9,10 DHP to phenanthrene are consistent with these higher yields. In order to
study the effect of surfactant on catalytic activity, we doped Shell 324 with increasing
amounts of DDAB. As the Shell 324:DDAB mass ratio decreases, the trends in reactant
recovery and product conversion move back to the thermal results indicating loss of catalytic
activity. Initially the conversion of 9, 10 DHP to phenanthrene moves toward the thermal
results as well. At the lower Shell 324 : DDAB ratios, however, this trend reverses itself and
nearly all of the 9,10 DHP is converted to phenanthrene.

Coal hydropyrolysis testing was done as a function of catalyst concentration for PdII
catalysts. The coal was incipient wet as described previously to the desired active metal
concentration. The activity of the catalyst increases with Pd concentration before flattening
out at approximately 0.1% (Figure 6). The conversion at this point is roughly equal to that

achieved with the commercial MoS? catalyst. The weight percentage of the MoS? catalyst is
approximately 1% (not shown on Figure 6). Results for Fel particles are shown at one
concentration and represent a lowering in overall coal conversion by approximately 10%
compared to Pd results.

Freeze dried Fe and FeS2 particle embedded surfactant powders (FelV and FeS2I1IT)

and a surfactant free FeS) powder (FeS21V) were tested in micro-batch coal liquefaction

reactions. Little to no improvement over the thermal runs is noticed in the freeze dried

samples (Figure 7). The surfactant free FeS) results show substantial improvement in the

conversion to C7 solubles. Overall conversion to THF solubles decreases.

Discussion

14
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Catalyst Synthesis and Characterization: Introduction of LiBH4 to the inverse
micelle solutions containing iron or palladium salts causes immediate reduction to Fe or Pd,
respectively. The particles are formed by the following chemical reactions: [Fe3+] + 3[H-] -
—> Fe (particles) + 3/2H7 and [Pd2+] + 2[H"] —> Pd (particles) + Hp. Introduction of Li?S
to the Fe salt solubilized inverse micelle solutions causes immediate sulfiding of the Fe. The
particles are formed by the following reaction: [Fe2+] + [822‘] —>FeS7 (particles).
Characterization of the particles by electron diffraction give strong evidence that the
chemistry described here produces o-Fe, FCC-Pd, and FeS7 (pyrite). LiBH4 or Li2S enters
the surfactant, oil solution and is solubilized within the inverse micelle structure. The
reaction is initiated and is sustained through material exchange between inverse micelles.
After the particle growth has equilibrated, the surfactant stabilizes the particles and prevents

flocculation and precipitation.

The final particle size of nanometer sized clusters formed in inverse micelles depends

on a complicated nucleation and growth process31. Inverse micelles effect this process
primarily in two ways: (1) diffusion of the reacting nucleation sites and ions is governed by
exchange rates between micelles and (2) the critical nucleation size depends inherently on the

size of the inverse micelles. Size dependence of Au, CdS, and CdSe clusters produced in

inverse micelles has been discussed previously32.13-21, The Fe particles synthesized in
DDAB/toluene mixtures showed no size dependence by TEM on the salt to surfactant
concentration ratio within the range studied.

Size dependence of FeS7 particles on water concentration in the precursor inverse
micelle solutions is inferred from UV-visible spectrophotometry. Particle growth is observed
by UV-visible spectrophotometry, because semiconductor band gap excitations in the UV-
visible region decrease with increasing particle size when quantum size effects are
impo,rtant33‘35. We have observed that the absorption maxima red shift in FeS2 with

increasing water concentration (Figure 2a). We attribute the red shift in the UV-visible
spectra with increasing water concentration to the formation of larger particles primarily due
to the increase in inverse micelle size. This conclusion assumes the absorption maxima in

FeS7 (pyrite), a semiconductor, is due to a complicated photogenerated band gap excitation

in the material. If so, we have illustrated that the FeS? particles are small enough to exhibit



quantum confinement effects, and that we can increase FeS? particle size by increasing the
water concentration in inverse micelle microemulsions.

The chemical sensitivity of FeS7 particles in solution is illustrated by the dependence
of the absorption maxima on reactant concentration and exposure to air. The absorption
maxima in FeS72 do not shift with increasing water concentration when the [822']: [Fe2+]

molar ratio is not in excess (Figure 2b). The maxima decrease, and at the highest water
concentration the spectra resembles the spectra of the iron salt solution. We conclude that the
reaction governing the production of FeS7 colloids is reversible, and that water in the
microemulsion mixtures favor the decomposition of the colloids into the ions. It is necessary
to use excess reactants in order to push the chemical reaction to the right and favor the
formation of the particles. The high surface reactivity of CdSe particles has been
demonstrated previously3 1. The stability of the FeS7 particles further demonstrates surface
reactivity. Oxidation of FeS? is observed by the disappearance of the absorption maxima
when the sample is left in the presence of air. Oxidation of Fe clusters is visible to the naked
eye as the solutions turn yellow if exposed to air.

Catalyst Testing: Hydrogenolysis of NBM indicates catalytic activity with Felll. A
more than linear increase in activity with added S indicates that there is a synergistic effect
between the Fe and S.

Catalyst activity of Shell 324 far exceeds the activity of the iron based clusters.
Doping Shell 324 with surfactant illustrates the effect of surfactant on catalyst activity.
When Shell 324 is doped with surfactant, catalyst activity decreases (Figure 5). The behavior
of the hydrogen donating solvent indicates two mechanisms are at work. At low surfactant
concentrations, a decrease in product conversion and a decrease in the amount of 9, 10 DHP
dehydrogenated to phenanthrene indicates less activity due to a chemical or steric poisoning
of the catalyst. At high surfactant concentrations, we propose that a decrease in NBM
conversion and an increase in the amount of 9, 10 DHP dehydrogenated to phenanthrene
indicates that the thermal pyrolysis products of the surfactant (observed by GC) scavenge the
hydrogens from the donor solvent. Decreased activity with high dehydrogenation conversion

of 9,10 DHP to phenanthrene of FelV and FeS2I1I is consistent with the presence of

surfactant and the above stated mechanism.
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Coal hydropyrolysis tests indicate that catalytic activity of ultra-small Pd particles
rivals the activity of the MoS) catalyst. The adverse effect of surfactant is less important in
hydropyrolysis. Hydropyrolysis is independent of hydrogen transfer from a hydrogen
donating solvent, thus eliminating a mechanism by which surfactant hinders the reaction.
Any negative effect of surfactant may also be offset by increased contact of metal and coal
due to wetting properties of the surfactant solution. Fel particles show relatively high

conversions, but less than Pd and the commercial catalyst. The activity is significant
considering the concentration of Fe used is more than an order of magnitude lower than the

concentration of the MoS?2 catalyst.
Iron sulfide has been studied extensively as a coal liquefaction catalyst. It is believed

that pyrrhotite (Fe1-xS) is the active form of the iron catalyst36, and that pyrite is reduced to

pyrrhotite under liquefaction conditions37. We have attempted to use our Fe and FeS)
(pyrite) particles as coal liquefaction catalysts. FeIV and FeS2III powders show no
improvement over thermal reactions. Liquefaction is highly dependent on a hydrogen
donating solvent and surfactant pyrolysis by-products may scavenge hydrogen. Surfactant
free FeS2IV powder shows a decrease in the overall conversion to organic products, but an
actual increase in the amount of low molecular weight organic products. High IOM

percentages may be due to high selectivity for cracking polar functionalities within DECS-
17.

Conclusions

We have synthesized ultra-small, highly dispersed Fe, Pd, and FeS2 (pyrite) particles
in a variety of inverse micelle systems. TEM shows that the smallest particles are less than 3
nm in diameter. Electron diffraction confirms a presence of a-Fe (not crystalline oxides or
borides), FCC-Pd, and the cubic pyrite structure of FeS2. Several chemical manipulation
techniques have been devised to isolate the particles as powders. Methanol washing and
forced precipitation causes uncontrolled growth of the particles and results in materials of
relatively high surface area. The ultra-small clusters can be isolated in freeze dried surfactant
powders, and these powders can be re-dispersed in a variety of organic solvents. Catalytic

activity of the ultra-small particles is determined in model compound hydrogenolysis, coal



hydropyrolysis, and coal liquefaction. When surfactant is present, catalytic activity is
hindered by two mechanisms. Surfactant chemically poisons the catalyst, and by-products of
surfactant disintegration at reaction conditions scavenge hydrogen from hydrogen donating
solvents. This latter mechanism is important in model compound hydrogenolysis and
liquefaction as these processes depend strongly on hydrogen transfer. Moderate catalytic
activity is observed in hydrogenolysis and liquefaction when the catalyst is used in a form
free of surfactant. In coal hydropyrolysis, a process that does not depend on hydrogen
donating solvents, significant catalytic activity is observed in spite of the presence of
surfactant. We attribute the high activity to high surface areas of the ultra-small particles and
increased contact between the coal and metal due to the wetting properties of the surfactant

solutions.
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Table 1. Listing of the samples prepared and used in this study.

Name Description Uses

Fel 0.01M FeCl3, 10 wt. % DDAB/toluene TEM, Hydropyrolysis

Fell 0.01 Fe(BF4),, 10 wt. % Cy,E4/octane Electron Diffraction

Felll Fel, powder from methanol washing TEM, Hydrogenolysis, BET

FelV 0.01M FeCl3, 5 wt. % DDAB/toluene, Hydrogenolysis, Liquefaction
freeze dried powder

Pdl 0.005M PdCl, 10 wt. % DDAB/toluene TEM, Electron Diffraction

PdIl 0.01M PdCl, 10 wt. % DDAB/toluene Hydropyrolysis

FeS;l 0.001M Fe(ClOy4),, 10 wt. % Ci3E4/octane TEM, Electron Diffraction

FeS,lI 0.001M FeCl,, 10 wt. % UV-Visible
PhgE¢/cyclohexane, w/ H,O Spectrophotometry

FeS,II1 0.01M Fe(ClO4),, 10 wt. % C3E4/octane, Hydrogenolysis, Liquefaction
freeze dried powder

FeS,IV 0.05M Fe(ClOy);, 10 wt. % CjEs/octane, Liquefaction

uncontrolled precipitate powder
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Figure 1. (a) TEM of Fel particles. The number average diameter of the particles shown is
1.5 +/-0.2 nm. (b) TEM of FeS,I. The number average diameter of the particles shown is

3.1 +/-0.2 nm.
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Figure 2. UV-visible spectra of FeS21II particles in solution. (a) [822‘] : [F62+] =5:1. The
electronic spectra of the semiconductor shifts to lower energies with increasing water
concentration in the inverse micelle solutions. (b) [S22-] : [Fe2+] = 1:1. With increasing
water concentration, the spectra contains elements of FeS2 colloids and the precursor salt.
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absence of air, but degrade when exposed to Os.
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Figure 4. NBM hydrogenolysis results for Fe clusters. (a) The percentage of reactant recovered and percentage
converted to product. (b) The percentage of the hydrogen donating solvent 9, 10 DHP recovered and the
percentage dehydrogenated to phenanthrene. A = thermal average; B = thermal with elemental S average; C =
Felll {~ 15% active metal basis); D = Felll with elemental S (~ 15% active metal basis); E = FeIV (~ 1.8%

active metal basis); F = FeSalIII (~1% active metal basis).
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Figure 5. NBM hydrogenolysis results for Shell 324 as a function of DDAB surfactant doping. (a) The
percentage of reactant recovered and percentage converted to product. (b) The percentage of the hydrogen
donating solvent 9, 10 DHP recovered and the percentage reduced to phenanthrene. A = thermal average; B =
Shell 324; C = Shell 324:DDAB =1:4; D = Shell 324:DDAB = 1:20; E = Shell 324:DDAB = 1:50. Active metal

basis ~ 15% for all catalyst runs.
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Chapter 2

The Synthesis and Characterization of Iron Colloid Catalysts in Inverse

Micelle Solutions

Abstract

We have studied the synthesis and characterization of Fe based nanometer sized
clusters formed in inverse micelle solutions. Inverse micelles provide a colloidal sized
reaction template in an oleic solvent. Metal salts are solubilized within the interior of inverse
micelles, and the addition of a reducing agent initiates nucleation and growth to produce the
clusters. Surfactant acts to stabilize the particles. TEM shows that the average particle size

is less than 3 nm in diameter. The reduction reaction of iron salts with LiBH4 in inverse

micelle solutions results in the formation of FeB, Fe2+BOx (i.e. pyroborate), and o-Fe as

determined by Mossbauer spectroscopy, electron diffraction, and x-ray photoelectron

spectroscopy (XPS). Oxidation after exposure to air leads to the conversion of the FeB to -

Fe then to an undetermined Fe2+ phase and then finally to Fe304. Iron based metals are of

interest as active, selective catalysts for a number of hydrogenation reactions including
methanation and Fischer-Tropsch synthesis. We report catalytic results of iron clusters in the
hydrogenolysis of naphthyl bibenzyl methane (NBM), a model reaction for coal liquefaction.

The role of surfactant in the reaction mechanism is determined.

Introduction

Colloidal sized metal and semiconductor particles (1 - 20 nm) are of current interest,
because they mark a material transition range between molecular and bulk properties. With
decreasing colloid size, bulk properties are lost as the continuum of electronic states breaks
down (i.e. quantum size effects) and as the fraction of surface atoms becomes large. There
are a number of ways to synthesize metal particles with diameters between 1-20 nm
(nanoclusters) [1-3]. All synthesis routines include nucleation, growth, and stabilization of
the particles and attempt to control particle size, size distribution, chemical composition, and

structure. Chemical or photolytic reduction [4-6], thermal decomposition [7-9], and vapor
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phase condensation [10-12] of metal salts and organometallic reagents initiates nucleation
and growth. Controlling double layer forces with buffers and electrolytes [13,14] and the use
of steric stabilizing agents such as polymers [15-24], surfactants [25-33], and bulky ligand
appendages [34-41] stabilize the particles in solution.

A common nanocluster synthesis technique is the reduction of metal salts in inverse
micelle solutions [25-33]. Inverse micelles are solution structures formed by the self-
assembly of surfactants in apolar solvents (i.e. toluene, alkanes). Surfactants possess two
distinct moieties, a hydrophilic head group and a hydrophobic tail group, and they self-
assemble in apolar solvents so that the hydrophilic head groups shield themselves from the
oleic surroundings [42]. The relatively polar head group regions solubilize and confine
added metal salts and act as reaction cages when a reducing agent is introduced. The reaction
sequence is sustained by material exchange between inverse micelles, and final particle size
1s dependent on stabilization by the surfactant. Ultra-small, monodispersed particles
sterically stabilized in solution by surfactant are formed.

There are numerous advantages to synthesizing colloidal sized metal particles in
inverse micelle solutions. The inverse micelle structure provides a reaction template in the
appropriate size range, and size control is achieved by regulating the nucleation and growth
process [2]. The size of particles formed by the reduction of metal salts in inverse micelle
solutions depends on the inherent size of the inverse micelles and the material exchange rate
between inverse micelles. Both micelle size and the material exchange rate depend on
experimental parameters like the surfactant/solvent system, the addition of water which
swells the inverse micelles, and the salt to surfactant ratio. The inverse micelle technique
provides a single synthesis route to producing a number of different metals, metal oxides, and
metal sulfides. Metal type is dependent only on the initial metal salt chosen, and Au, Ag, Pt,
Pd, Rh, and Ni and Fe based metals are examples of different colloids synthesized in inverse
micelles [43-47]. Bimetallic colloids are formed by starting with mixtures of metal salts.
Metal sulfides are synthesized by using sulfiding agents rather than reducing agents [48-61],
and metal oxides are produced by using reducing agents in a basic environment [62-64].

We have explored the synthesis of iron based nanoclusters in inverse micelles.
Characterization of the size of the clusters is completed with transmission electron
microscopy (TEM), and chemical composition of the clusters synthesized by an Fe salt,

borohydrid reduction reaction is completed with Mossbauer spectroscopy, electron
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diffraction, and x-ray photoelectron spectroscopy (XPS). The effect of oxidation on the
clusters is determined. Our interest in iron colloids stem from their potential use as coal
liquefaction catalysts [79-81]. Iron based metals are also of interest as active, selective
catalysts for a number of hydrogenation reactions including methanation and Fischer-Tropsch
synthesis [82,83]. Here, we test the iron clusters in the hydrogenolysis of naphthyl bibenzyl
methane (NBM), a model reaction for coal liquefaction.

Metal clusters prepared by a number of techniques have been studied as potential
catalysts [68-71]. Reactant adsorption and the reactivity in various processes depend
strongly on particle size. Pt, Pd, Rh, and Ir particles prepared via inverse micelle techniques
[72] have been studied in the hydrogenation and isomerization of but-1-ene [73,74], and the
hydrogenolysis and isomerization of hexanes [75]. The activity of these catalysts increases
when supported, and the selectivity of the colloidal sized particles is a function of the particle
size. These studies found that activity is hindered by the presence of surfactant most likely
due to steric effects on the metal surface. In other studies, the presence of surfactant on NipB
enhances activity by increasing the dispersion of the particles despite steric effects, but
adsorbed species on Co2B particles decrease activity again most likely due to steric effects
[76]. In catalyst tests performed on colloids in normal micelles, the presence of surfactant
enhances selectivity [77,78] as hydrogenation is preferred when the reactant mimics the

surfactant and the double bond is accessible to the metal surface.

Experimental

Octane and toluene were purchased from Aldrich at 99.9+% purity. Surfactants used
include didodecyldimethylammonium bromide (DDAB) from Kodak and butyl-ethylene
glycol n-dodecyl ether (C12E4) from Nikkol. Metal salts used include iron(III) chloride

hexahydrate from Aldrich and iron(Il) tetrafluoroborate hexahydrate from Alfa Chemicals.
Lithium borohydride in tetrahydrofuran (2M) was purchased from Aldrich.

A. Synthesis of Fe Based Colloids: Four different iron samples (Fel, Fell, Felll, and
FelV) were prepared and studied (Table 1). The reactions and all chemical manipulations are
carried out in a glove box under dry, oxygen-free conditions. The synthesis technique is
general and specific samples differ only in the type and concentration of salts and surfactant

added to the apolar solvents. First, the inverse micelle solutions are prepared by adding
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surfactant to the solvents (i.e. DDAB in toluene, C12E4 in octane). Then, the metal salts are

introduced and the precursor salt solutions are mixed overnight on a stirring plate to assure

complete solubilization. Transparent yellow Fe salt solutions are formed. 2M LiBH4/THF
solution is directly injected into the salt solutions under rapid stirring to initiate the reduction
of iron. The reaction is run at a 3:1 molar ratio of [BH4']I[F62+]. The reacted Fe solutions

turn black upon reduction, and the colloids formed in solution are stabilized by surfactant
indefinitely. As an example of the synthesis, Fel is made by first mixing 10 wt. % DDAB
in toluene. 0.01M FeCl, is added to the solution and mixed overnight. The 2M LiBH, in
THF is then directly injected to total 0.03M LiBH, in the Fe salt, inverse micelle solution.

Further manipulation of the DDAB/toluene solutions produces iron powders. When
approximately 15 vol. % methanol is added to the colloidal solution, the surfactant is washed
from the colloid surface, and the particles aggregate. A black precipitate forms below a clear
and transparent solution after several hours. The precipitate is separated from the solution by
centrifugation and washed with methanol. The process is repeated two or three times, and
the powder is finally dried (Felll). We have also coated the particles with
poly(vinylpyrrolidone) (MW = 40,000) by adding the polymer and iron powder to methanol.
The particles remain in solution for days without the presence of surfactant. Removing the
methanol produces Fe particles embedded in PVP powder (FeIV). Replacing surfactant with
polymer allows us to control the ratio of stabilizing agent to metal, remove the relatively
volatile surfactant for x-ray photoelectron spectroscopy studies, and protect the particles from
oxidation during air exposure.

B. Characterization of the Colloids: Particle size and composition in the colloidal
solutions are characterized with transmission electron microscopy (TEM) and electron
diffraction. These tests are performed with a Jeol 1200EX electron microscope. The
colloidal solutions are applied directly on a holey carbon grid, and the solution is wicked
away by adsorbent towels under the grid leaving the particles on the grid. Transfer of the
particle coated grid into the microscope briefly exposes the sample to air.

Mossbauer spectroscopy is used to determine the chemical state of the iron in-situ
(Fell) and in the PVP coated iron powders (FelV). The Mossbauer Spectrometer (Austin

Science) and its operation are described in detail elsewhere [84]. The spectra are obtained

using a 60 mCid7Co in palladium foil source and computer fitted to Lorentzian lines with a
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least-squares optimization procedure. The spectra are corrected during the collection
procedure to remove the curved background of instrumental origin, and resonant absorption
areas are found from integration of the background curvature-corrected spectra. With the use
of an absolute laser velocity calibrator it is possible to measure isomer shifts to within an
absolute accuracy of +/-0.005 mm/s. The in-situ sample was tested in the frozen state (T = -
176°C), and the particle embedded polymer powder was tested under four conditions: at
room temperature without air exposure, at room temperature after air exposure, at -183°C,
and at -183°C with an applied magnetic field of 11 kGauss.

X-ray photoelectron spectroscopy (XPS) is used to determine the chemical state of the
iron particles. XPS is performed with a VG Microtech Clam?2 analyzer operating at a

resolution of 1 eV and a 600 W Al K, x-ray source. Assignment of the iron oxidation state

relies on comparison with the Fe 2p peak positions and lineshapes of iron metal and the
various iron oxides [85]. These standard lineshapes have been verified on the same
instrument used to analyze the colloidal iron particles. Charge referencing was performed for
all samples by adjusting the C 1s binding energy to 284.6 eV. To prepare samples of the
surfactant stabilized iron particles suitable for XPS analysis, the in-situ solution (Fell) was
evaporated to concentrate the particles and a drop of the resulting solution was placed on a Ta
foil and allowed to evaporate completely overnight. For analysis of the washed iron powders
(Felll), the particles were re-dispersed in methanol and a drop of the dispersed solution was
placed on a Ta foil and again allowed to dry. Finally, for the particles embedded in PVP
(FelV), the PVP matrix was dissolved in methanol and a drop of the resulting solution was
placed on a Ta foil and the methanol evaporated to form a PVP film. All samples were
prepared and mounted on a sample holder inside a dry, oxygen free glove box. As with
microscopy, transfer of the sample to the XPS chamber requires brief exposure to air.

Complexometric experiments were used to determine the extent of reaction of the iron

salts upon reduction. 1, 10 phenanthroline forms a complex with ionic Fe2+ species that has
a distinctive maximum at 530 nm. The peak is followed before and after reaction with UV-
visible spectrophotometry (Hewlett-Packard 8452A diode array spectrophotometer) by

adding 1, 10 phenanthroline to the Fe salt precursor solutions and reacted Fe colloid

solutions. The quantity and nature of the Fe2+ species present is determined. Two salt

solutions were studied: FeCl3 and Fe(BF4)2 in 10 wt. % C12E4 / octane.



Finally, BET surface area analysis of the methanol washed iron powder was carried
out with a Quantachrome Autosorb-6 surface analysis apparatus.

C. Naphthyl Bibenzyl Methane (NBM) Hydrogenolysis: Hydrogenolysis testing of
NBM has been developed as a model reaction for coal liquefaction [86]. We add 100 mg of
NBM, 400 mg of the hydrogen donating solvent 9,10 dihydrophenanthrene (9, 10 DHP), and
up to 15 wt. % catalyst on an NBM basis to a 10 ml flame sealed glass test tube. If used, 15
mg of elemental sulfur is added. The test tube is sealed under ambient air pressure. The tube
is placed in a 400°C sand bath for one hour. Previously, NBM hydrogenolysis has been used
to study the selectivity of catalysts for five different cleavage reactions. We do not quantify
the selectivity of the catalysts used here. Conversion is calculated as the ratio of the molar
sum of all products to the initial amount of NBM. The products are worked up in THF and
analyzed by gas chromatography. Methanol washed Fe powders were tested as catalysts
(Felll). These results were compared to the commercial catalyst Shell 324 (12.4 wt. % Mo,
2.8 wt. % Ni on Al203).

Results

Transmission electron micrographs show that the product of the reaction is highly
dispersed nanometer sized particles of uniform size and shape (Figure 1). The number
average diameter by TEM is 1.5 +/- 0.2 nm (Fel). Fe particle size as determined by TEM
shows no discernible trend and is roughly constant in the ranges of 0.001M - 0.01M FeCl3

salt concentration and 1-10 wt. % DDAB in toluene. In this range, the average particle
diameter is 2.4 nm. The methanol extracted Fe powder (Felll) characterized by TEM and
BET surface analysis consists of agglomerated particles. Large agglomeration structures
larger than 100 nm in size are observed (Figure 2). These structures consist of the ultra small

particles (approximately 2 nm in diameter) flocculated together. Multi-point BET analysis

gives a surface area of 156 m2/gm for this sample. The degree of re-dispersion upon addition
of PVP has not been determined. As the particles are stable in solution for only a couple of
days with PVP, it is likely that the degree of dispersion is not as great as after the original
reaction in the presence of surfactant.

Mossbauer spectroscopy completed on the in-situ sample (Fell) frozen at -176°C

(Figure 3) indicates the presence of three different forms of iron. The spectrum is fit with
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two doublets and a singlet (corresponding Mossbauer parameters are found in Table 2). We
assign the first doublet to the presence of fine superparamagnetic particles of FeB, the second
doublet to the presence of Fe2*+BOx, and the singlet to the presence of superparamagnetic Fe
metal. On the basis of spectral areas, the iron phases are present at 83, 15, and 2 mole %,
respectively with the species order listed above. The mole percentages are based on equal
recoil-free fractions of each phase, and this assumption is only approximately correct in the
case of small clusters.

Mossbauer spectroscopy completed on the particle embedded polymer powder (FeIV)
indicates the presence of the same three forms of iron. The spectrum for the powder at 21°C

before exposure to air (Figure 4) is fit with two doublets and a singlet (corresponding
Mossbauer parameters are found in Table 3). The mole % of FeB, Fe2+B Ox, and Fe metal

are 60, 10, and 30 mole %, respectively. There is no discernible change in the spectrum or fit
after the sample is exposed to air. The spectrum of the sample at -183°C is quite different
from the room temperature spectrum. It appears that the two large peaks in the room
temperature spectrum have broadened. The broadened spectrum is fit with a sextet and two
doublets. The sextet has a magnetic hyperfine splitting of 128 kOe and an isomer shift of
0.35 mm/sec consistent with the presence of superparamagnetic FeB. When a magnetic field
is applied to the sample, the spectrum is further broadened.

Selected area electron diffraction patterns of in-situ iron particles (Fell) deposited on
the microscope grid are consistent with the presence of a-Fe. Diffraction parameters, d, from
scattering patterns depend on instrument settings and the radius of each scattering maxima (d
= LA/R, where L is the instrument sample to detector distance, A is the electron beam
wavelength, and R is the diffraction ring radius). The ratios of theoretical diffraction

parameters to the first diffraction parameter (d/d1) are known for many crystalline materials.
The diffraction pattern of Fell shows several maxima, and experimentally we observe d/d1
equal to 1, 0.701, 0.573, 0.482, 0.436, and 0.381. Theoretical values of d/d, for o-Fe equal 1,
0.707, 0.577, 0.500, 0.447, and 0.408. Theoretical values of d/d] for FeB equal 1, 0.842,
0.728, 0.696, 0.670, and 0.615. The electron diffraction results, therefore, indicate the

presence of o-Fe and do not indicate the presence of any crystalline iron oxides, borides, or
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borates. A separate diffraction pattern consistent with the presence of crystalline B2O3 as a

reaction by-product is also detected.

XPS detects Fe2+ for both the iron particles embedded in PVP (FeIV) and the in-situ
iron particles (Fell). For FelV, an Fe 2p3/7 binding energy of ~709.0 eV and a prominent

shakeup feature at ~715 eV is observed (Figure 5a). Zero valent Fe either as a metal or
boride is not detected. The signal to noise ratios for these spectra are poor due to the
presence of either surfactant or PVP near the sample surface. The low signal to noise ratios
prevent the detection of boron in these samples and prevent the possible detection of small
amounts of zero valent Fe, which would appear at 707.0 eV. Signal to noise ratios are
improved slightly by mild heating in vacuum, but not enough to allow detection of boron or
positive identification of a metallic iron component. For the uncoated iron particles (Felll),

the signal to noise ratio is an order of magnitude higher, and the initial state of the iron is
clearly a mixture of Fe2+ and Fe3+ (Figure 5b). The resulting spectrum is quite similar to
that of magnetite (Fe304), and no more than 2-3 % of the detected iron is present as metallic

iron or iron boride. An oxidized form of boron is also detected with a B 1s binding energy of

192.0 eV consistent with the presence of either BoO3 or an iron borate. Heating the washed

iron particles to 300°C under vacuum results in elimination of the Fe3+ contribution and the

emergence of a pure Fe+ spectrum.

Complexometric experiments indicate that the reaction is complete upon the addition
of LiBH4. In the Fe(BF4)2 precursor solutions, the Fel+ species complexes with 1,10

phenanthroline, and the distinctive peak is observed at 530 nm. The peak is non existent in

Fe(BF4)2 samples after the addition of LiBH4 indicating the reaction goes to completion. In
FeCl3 precursor solutions, no complex is formed with the Fe3+ species. After reaction, a

slight peak at 530 nm is detected indicating some conversion of Fe3+ to Fe2+ but too little to
quantify.

Hydrogenolysis of naphthyl bibenzyl methane (NBM) was tested with several inverse
micelle synthesized iron based catalysts and compared with the commercial catalyst Shell
324. We tested the methanol extracted Fe powder (Felll) with and without sulfur additives
and the dispersed catalysts with surfactant (Fel). In each experiment we monitored the

percentage recovery of the reactant NBM and the percentage conversion to products by gas
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chromatography. In each experiment we also monitored the percentage recovery of the
hydrogen donating solvent 9, 10 DHP and the percentage converted to its dehydrogenated
form phenanthrene. In an average of six runs, NBM was recovered at nearly 974/-3% in
thermal runs (no catalyst) and no product was obtained (Figure 6a). Some NBM was
converted to products in thermal runs with added elemental sulfur. Little 9, 10 DHP was
dehydrogenated to phenanthrene in the thermal runs. Felll as catalyst decreases the amount
of NBM recovered to 87% and with added S to 75%, and product recovery correspondingly
increases. Hydrogens are given up to the hydrogenolysis products, and some 9, 10 DHP is
dehydrogenated to phenanthrene (Figure 6b). The dispersed catalysts with surfactant present
(Fel) showed little activity compared to thermal runs.

Much higher product yields were obtained with Shell 324 (Figure 7). Higher
conversions of 9,10 DHP to phenanthrene are consistent with these higher yields. In order to
study the effect of surfactant on catalytic activity, we doped Shell 324 with increasing
amounts of DDAB. As the Shell 324:DDAB mass ratio decreases, the trends in reactant
recovery and product conversion move back to the thermal results indicating loss of catalytic
activity. Initially the conversion of 9, 10 DHP to phenanthrene moves toward the thermal
results as well. At the lower Shell 324:DDAB ratios, however, this trend reverses itself and

nearly all of the 9,10 DHP is converted to phenanthrene.

Discussion
Introduction of LiBH4 to iron salt containing inverse micelle solutions causes

immediate reduction of the salt to form nanometer sized, highly dispersed particles of equal
size and shape. The reaction goes to completion. No initial Fe salt remains as determined by

the complexometric experiments. LiBH4 enters the surfactant-oil solution and is solubilized

within the inverse micelle structure. The reaction is initiated and is sustained through
material exchange between inverse micelles. After the particle growth has equilibrated, the
surfactant stabilizes the particles and prevents flocculation and precipitation. The final
particle size of nanometer sized clusters formed in inverse micelles depends on a complicated
nucleation and growth process [2]. Inverse micelles effect this process primarily in two
ways: (1) diffusion of the reacting nucleation sites and ions is governed by exchange rates
between micelles and (2) the critical nucleation size depends inherently on the size of the

inverse micelles. Size dependence of metal borides, CdS, and CdSe clusters produced in
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inverse micelles has been discussed previously [48-61]. The Fe particles synthesized in
DDAB/toluene mixtures showed no size dependence by TEM on the salt to surfactant
concentration ratio within the range studied.

Mossbauer spectroscopy of in-situ Fe colloids (Fell) indicates three products are

formed by the reduction of iron salts with LiBH4 in inverse micelle solutions. FeB,

Fe2+BOx, and metallic Fe are synthesized to 83 mole %, 15 mole %, and 2 mole %,
respectively. Similar type spectra were observed for the NaBH4 reduction of Fe salts in
diglyme [82], and the doublet was assigned to the presence of FeB. The isomer shifts we
report are higher, but they are consistent with those reported by Shinjo et al. [88]. Metallic

Fe produces a singlet with an isomer shift close to zero [89,90]. Clearly, O-Fe is not the

majority phase as determined by Mossbauer. The following reaction accounts for the
presence of the three products: 3Fe2+ + 4BH4™ + xH20 ----> FeB + Fe(s) + Fe2+BOy + (5

+ x)H2 + BoHg. The waters of hydration of the metal salt provide the source of water, and

pyroborate, Fe2B203, is one possible Fe2+ borate phase represented by Fe2+BOx. Similar

reaction products and a similar reaction mechanism are found for the borohydride reduction
of iron salts in a nonaqueous solvent [91, 92]. Mossbauer spectroscopy on the particle
embedded polymer powder (FelV) detects the three phases, FeB, F62+B0x, and metallic Fe,
in approximate mole percentages of 60%, 10%, and 30%, respectively. The conversion of
approximately 25 % of FeB to Fe(s) results from the methanol workup necessary to extract
the particles from solution and prepare the powder. There 1s no discernible change in the
spectra or fit after the powder is exposed to air. The iron is apparently protected from
oxidation by the polymer.

Mossbauer results of the powder at low temperatures and in the presence of a
magnetic field further support the presence of FeB. The spectral broadening is consistent
with longer magnetic relaxation times in a superparamagnetic species, and the sextet has a
hyperfine field consistent with FeB. In the limit of a sufficiently large magnetic field or at
sufficiently low temperatures, the spectrum would resolve into six lines.

Electron diffraction of the in-situ Fe colloids (Fell) gives strong evidence for the

presence of o-Fe. FeB is not detected. It has been reported that the presence of air during

the reduction process favors the formation of metallic metal over metal borides by the
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following mechanism: MB + O ----> M(s) + B203 [91,92]. In our procedure, the reaction
is done in an argon environment, but the TEM grid is exposed to air prior to microscopy.
The above stated mechanism is most likely responsible for the detection of o-Fe as the

majority phase by electron diffraction while FeB is the majority phase detected by
Mossbauer. The detection of crystalline B)O3 by diffraction supports this theory.

XPS of the in-situ solution (Fell) and the polymer coated particles (FeIV) detects an

undetermined Fe2+ species. We postulate that the Fe0 particles (FeB and o-Fe) formed by

the reduction reaction and the oxidation of FeB undergo further surface oxidation to form a

thin, poorly crystalline oxide layer over an FeQ core. The presence of metallic iron detected
by Mossbauer is most likely obscured by the oxide layer and the poor signal to noise ratio.

The surface oxidation does not continue on to the formation of Fe304 as in bulk iron samples

[87]. The small size of the iron particles (in the case of Fell) or the small grain sizes (in the
case of FelV) and the presence of the surfactant or polymer may result in oxidation behavior

that differs from bulk iron. XPS of the iron powder (Felll) indicates the presence of Fe30y4

or a mixture of Fe2+ and Fe3+. Since the washed sample is severely agglomerated and not
protected by either surfactant or polymer, it is not surprising that the oxidation behavior upon
exposure to air is similar to the oxidation behavior of bulk iron metal. Also, XPS detection

of an oxidized boron species (not a boride, however) in the washed sample is consistent with

the conversion of FeB into iron metal and BO3 upon air exposure. Conversion of Fe3+ to

Fe2+ upon heating Felll to 300°C under vacuum suggests that the Fe3tisa superficial
surface layer formed during brief air exposure during sample loading.

Hydrogenolysis of NBM indicates catalytic activity with Felll. A more than linear
increase in activity with added S indicates that there is a synergistic effect between the Fe and
S. Catalyst activity of Shell 324 far exceeds the activity of the iron based clusters. Doping
Shell 324 with surfactant illustrates the effect of surfactant on catalyst activity. When Shell
324 is doped with surfactant, catalyst activity decreases (Figure 7). The behavior of the
hydrogen donating solvent indicates two mechanisms are at work. At low surfactant
concentrations, a decrease in product conversion and a decrease in the amount of 9, 10 DHP
dehydrogenated to phenanthrene indicates less activity due to a chemical or steric poisoning

of the catalyst. At high surfactant concentrations, we propose that a decrease in NBM
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conversion and an increase in the amount of 9, 10 DHP dehydrogenated to phenanthrene
indicates that the thermal pyrolysis products of the surfactant (observed by GC) scavenge the
hydrogens from the donor solvent. The dispersed catalyst (Fel) showed little activity most
likely due to the presence of surfactant. The apparent advantage of the nanometer size of the

particles is eliminated by the surfactant.

Conclusions
We have synthesized nanometer sized, highly dispersed Fe based particles in inverse
micelle systems. TEM shows that the average particle size is less than 3 nm in diameter.

Mossbauer spectroscopy confirms that the products of the reduction reaction of iron salts
with LiBHy are 83% FeB, 15% Fe2+BOy, and 2% Fe0. Methanol washing and forced
precipitation causes uncontrolled growth of the particles and results in relatively high surface

area powders. FeB is converted to o-Fe then to an undetermined Fe2+ phase and then finally

to Fe304 as the degree of oxidation by exposure to air increases. Exposure to methanol

converts approximately 25% of FeB to Fe0. A shell and core picture of the clusters develops
with oxidation as detected by XPS. Catalytic activity of the ultra-small particles is
determined in a model compound hydrogenolysis reaction. When surfactant is present,
catalytic activity is hindered by two mechanisms. Surfactant chemically poisons the catalyst,
and by-products of surfactant disintegration at reaction conditions scavenge hydrogen from
hydrogen donating solvents. This latter mechanism is important in coal liquefaction as this

process depends strongly on hydrogen transfer.
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Table 1. Listing of the samples used in this study.

NAME DESCRIPTION CHARACTERIZATION
Fel 0.01M FeCl3, 10 wt. % TEM
DDAB/toluene
Fell 0.01M Fe(BFy),, 10 wt. % Mossbauer, electron diffraction, XPS
CisE4/octane
Felll Fel powder from methanol washing TEM, BET, XPS, NBM
hydrogenolysis
FelV Felll re-dispersed with PVP and re- Mossbauer, XPS
dried

Table 2. Mossbauer Parameters for Fell (Figure 3). T =-176°C.

Assignment Isomer Shift2 Quadrupole Magnetic % Area
(mm/sec) Splitting Hyperfine
(mm/sec) Splitting (kOe)
Doublet 1 0.470 0.69 - 83.3
(FeB)
Doublet 2 1.300 3.08 -—-- 14.7
(Fe2*BOy)
Singlet (Fe0) -0.110 -—-- -— 2.0
arelative to iron
Table 3. Mossbauer Parameters for FelV (Figure 4). T =21°C.
Assignment Isomer Shift2 Quadrupole Magnetic % Area
(mm/sec) Splitting Hyperfine
(mm/sec) Splitting (kOe)
Doublet 1 0.450 0.27 --u- 60.4
(FeB)
Doublet 2 1.108 2.11 - 104
(Fe2*BOy)
Singlet (Fe9) -0.136 - — 29.2

arelative to iron
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Figure 2. TEM of Felll particles. After methanol washing the clusters aggregate and form
particulate powders.
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Figure Sa: XPS of the Fe 2p region of Fe particles embedded in PVP (FeIV). a) As prepared,
b) heated to 250°C in vacuum. Note the single Fe 2p peak at 709.9 eV with a shakeup
feature at ~715 eV characteristic of Fe**. No appreciable intensity is observed at the position
expected for zero valent iron.
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Figure 5b: XPS of the Fe 2p region of uncoated Fe particles (Fell). a) As prepared, b) heated
to 300°C in vacuum. The absence of shakeup features in the as prepared spectrum is
characteristic of a mixture of Fe’* and Fe™ , while the shift of the 2p 3/2 peak and the
appearance of a shakeup feature after heating to 300°C indicate transformation of Fe* into
Fe’ . No zero valent iron is observed at 707.0 eV.
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Figure 6a. NBM hydrogenolysis results for Fe clusters. The percentage of reactant
recovered and percentage converted to product. A = thermal average; B = thermal with
elemental S average; C = Felll (~ 5% active metal basis); D = Felll with elemental S (~ 5%
active metal basis).
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Figure 6b. NBM hydrogenolysis results for Fe clusters. The percentage of the hydrogen
donating solvent 9, 10 DHP recovered and the percentage dehydrogenated to phenanthrene.
A = thermal average; B = thermal with elemental S average; C = Felll (~ 5% active metal
basis); D = Felll with elemental S (~ 5% active metal basis).



100 r ; ; '
80 [ ]
360 13
5] o
L] =
= =
Z. i i S
R 40 g
0 ‘§’
20 | 7

0 ‘ '

Catalyst Run

Figure 7a. NBM hydrogenolysis results for Shell 324 as a function of DDAB surfactant
doping. The percentage of reactant recovered and percentage converted to product. A =
thermal average; B = Shell 324; C = Shell 324:DDAB =1:4; D = Shell 324:DDAB = 1:20; E
= Shell 324:DDAB = 1:50. Active metal basis ~ 5% for all catalyst runs.
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Figure 7b. NBM hydrogenolysis results for Shell 324 as a function of DDAB surfactant
doping. The percentage of the hydrogen donating solvent 9, 10 DHP recovered and the
percentage dehydrogenated to phenanthrene. A = thermal average; B = Shell 324;. C = Shell
324:DDAB =1:4; D = Shell 324:DDAB = 1:20; E = Shell 324:DDAB = 1:50. Active metal
basis ~ 5% for all catalyst runs.
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Chapter 3

Preparation, Characterization, and Catalyst Testing of Highly
Dispersed Rhodium Particles On Different Morphology Iron Oxide
Supports.

Abstract

The deposition of uniform 2 - 4 nm sized Rh particles on different shaped o.-
Fep03 particles (rod shaped, spindle shaped, and cube shaped) and on B-FeOOH is
achieved by the photochemical reduction of [(C2H4)2Rh(OEt)]2*H20 in the presence
of the iron oxide. Deposition of the metal and synthesis of the support materials are
independent, because the mild photochemical reduction does not effect the
microstructure of the support. The Rh-coated iron oxide particles are characterized by
electron microscopy, x-ray diffraction, and thermal analysis. We have also studied
the catalytic activity of the highly dispersed, high surface area Rh particles in a model

hydrogenation reaction. Catalyst activity is dependent on the support composition (B-
FeOOH versus a-Fep03) and independent on support morphology at the length scales

studied (~200 nm). Finally, we have studied the effects of thermolysis on the
dispersion of the rhodium particles, the microstructure of the support materials, and

the consequent effects on the activity of the catalyst.

Introduction
Studies of nanometer sized metal particles are generating a great deal of
interest due to their size-dependent properties. 1,2 These size-dependent properties

exhibit themselves in both physical and chemical phenomena. Changes in physical

phenomena such as electrical conductivity, optical absorption, and magnetism with

size result from quantum-confinement effects.3-5 Changes is chemical phenomena

such as catalytic reactivity and selectivity result from the high proportion of surface



atoms having unsatisfied valences and low coordination numbers in ultra small

particles.6

We are interested in the preparation of nanometer sized Rh particles for

heterogeneous (supported) catalysis applications.7'12 While there are a number of
synthetic methods available to prepare heterogeneous catalysts7‘9’13'21,
photochemical reduction methods22-24 are attractive because they avoid high

temnperatures that change the support microstructure.23 Photochemical preparation of
metal on metal oxide materials from inorganic or metal-organic precursors is broadly
divided into two strategies. The first strategy requires a photoactive support material,
e.g. TiO2, to provide the electrons necessary to reduce the precursor complex. In this
case, the metal is only deposited on the surface of the photoactive material and not on
any insulating substrates. In the alternative strategy that we employ, the molecular
precursor acts as the chromophore and metal may be deposited on the entire support
surface regardless of composition.

In this work, we describe a method to deposit Rh on various supports by the
photochemical reduction of a Rh(I) complex in the presence of the support. We study
the synthesis, characterization, and activity of heterogeneous catalysts formed by the

deposition of Rh on rod shaped, spindle shaped, and cube shaped a-Fe2O3. This

work is an extension of our previous work 2 in which we reported on the deposition

of 2 - 4 nm sized Rh particles on rod-shaped B-FeOOH and spherical SiO7 particles.

We further demonstrate the generality of the process and provide a comprehensive
report on the catalytic activity of the materials. Because the deposition of the metal
and the synthesis of the support are independent, we are able to study the deposition
procedure and catalyst activity as a function of the support material. The catalysts are
tested in the hydrogenation of pyrene, a model compound reaction representative of
coal liquefaction processes. Finally, we investigate the thermal stability of the

materials and the subsequent effect on catalytic activity.

Experimental

General Procedures and Instrumentation
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Hydrocarbon and ethereal solvents (toluene and tetrahydrofuran) were
purchased from Aldrich Chemical Co. and pre-dried over sodium, distilled from
sodium benzophenone ketyl, and stored over 4 A molecular sieves. Pyrene and
anhydrous hexadecane was purchased from Aldrich Chemical Co. and used as

delivered. Reagents FeCl3°6H20 and NaH2PO4 were purchased from J.T. Baker

Inc. The compound [(C2H4)2RhOEt]2*H20 was prepared as described previously.9

Scanning electron microscopy (SEM) was completed with a Hitachi S-800,
and transmission electron microscopy (TEM) was performed on a JOEL 2000-FX
operating at 200 KeV. The reaction products were dispersed in acetone. A silicon
wafer was dip-coated with the particles for SEM, and a carbon-coated copper grid
was dip-coated for TEM. Electron diffraction revealed the presence or absence of
crystallinity. X-ray powder diffraction was completed on a PVD-V Scintag X-ray

diffractometer using a smear mount method to form a thin layer of sample onto a 3 x

3 cm? piece of glass. Surface areas were measured the BET nitrogen adsorption
method. Thermogravimetric analysis (TGA) was performed on a Perkin-Elmer TGA

7 instrument.

Rod-shaped, spindle-shaped, and cube-shaped particles of o-Fe203 were
prepared by modifications of literature procedures as described below.20-28 The
deposition of Rh on these materials is also described below. Rod shaped B-FeOOH

particles and rod-shaped B-FeOOH with 2.4 wt.% and 11.4 wt.% Rh were prepared as

described previously. 12 All manipulations were carried out under a dinitrogen

atmosphere using standard Schlenk techniques.29

Syntheses

1. Rod, Spindle, and Cube-Shaped a-Fe203
Rod-Shaped a-Fe203: Rod-shaped o-Fe03 is produced from the thermal

decomposition of rod-shaped B-FeOOH. Rod-shaped B-FeOOH, 0.304 g (3.42

mmole), was heated at 400 °C in vacuo for 2 hour, and 0.244 g (1.53 mmole) of the
red-brown product was obtained. The corresponding yield of the process is 89%

based on Fe03.
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Spindle-Shaped o-Fe203: 2.703 g (10 mmole) of FeCl3*6H20 and 0.138 g
(1.0 mmole) of NaH2PO4 were dissolved in about 100 cm3 of distilled water. The

solution was filtered and diluted to 500 cm3, transferred into a 1000 cm3-Erlenmeyer
flask, and sealed with a screw cap. The Erlenmeyer flask was then placed into a
preheated oven and kept at 100°C for 48.5 hours. The color of the solution changed
from yellow to dark-brown. After cooling, the solid was separated by centrifugation,
washed six times with distilled water, three times with acetone, and dried at ambient
temperature to give 0.674 g of final product. The corresponding yield of the process
1s 84% based on Fe2O3.

Cube-Shaped a-Fep03: 2.4336 g (9 mmole) of FeCl3*6H20 was dissolved in

100 cm3 of distilled water with 5 cm3 of 0.1 M HCl. The solution was filtered and

diluted to 500 cm3, transferred to a 1000 cm3-Er1enmeyer flask, and sealed with a
screw cap. The Erlenmeyer flask was then placed into a preheated oven and kept at
100°C for 24 hours. The color of the solution changed from yellow to brown. After
cooling, the solid was separated by centrifugation, washed six times with distilled
water, three times with acetone, and dried at ambient temperature to give 0.287 g of
final product. The corresponding yield of the process is 40% based on Fep0O3.

2. Deposition of Rh Particles by Photochemical Reduction

Rh particles were dispersed on each of the three morphologies of a-Fe203
through photoreduction of [(C2H4)2RhOEt]2°H20 in the presence of the o-Fep0O3
samples. Three Schlenk flasks were charged separately under N2 with 7.5 mg (0.018
mmole) of [(C2H4)2RhOEt]2°H20 and 150 mg (0.939 mmole) of rod-shaped -
Fe203, 10 mg (0.023 mmole) of [(C2H4)2RhOEt]2°H20 and 200 mg (1.25 mmole)
of spindle-shaped a-Fe203, and 8 mg (0.019 mmole) of [(C2H4)2RhOEt]2*H20 and

154 mg (0.964 mmole) of cube-shaped a-Fe203. A stir bar and 15 cm3 of THF was

added to each flask. The suspensions were dispersed by indirect sonication for one
minute and stirred at room temperature in the dark for about 30 minutes. The
mixtures were then irradiated with a mercury lamp for 2 hours. The products were

separated by filtration, washed with acetone, and dried in air. The filtrates of Rh on



rod-shaped and spindle-shaped a-Fe2O3 are colorless while the filtrate of Rh on

cube-shaped o-Fep03 shows a light yellow color. Assuming quantitative reaction of

the Rh(I) complex, the metal loading on the supports is 2.4 wt. %.

Catalytic Pyrene Hydrogenation
Hydrogenation of pyrene was carried out in a Berghof Teflon lined
microbatch reactor. The reactor was charged with 100 mg pyrene and 1000 mg of

hexadecane solvent, and the reactions were run at 100 +/- 3°C, 100 psig cold Hp, for

30 min.. Two catalyst loadings were tested: 0.5 wt. % and 2.3 wt.% catalyst on a Rh
to pyrene basis. Hydrogenation products for this reaction include iso-
decahydropyrene, decahydrdpyrene, tetrahydropyrene, iso-hexahydropyrene,
hexahydropyrene, and dihydropyrene. Products were worked up in toluene and
product analysis was completed by gas chromatography. Activity is reported in

turnover numbers (TON) defined by: [ (number of moles of pyrene reacted)/(number

of moles of Rh - time) ].

Results and Discussion
Characterization of 2-4 nm Rh Particles on Rod-Shaped, Spindle Shaped, and Cube-
Shaped o-Fe203

The synthesis described in the previous section produced rod-shaped, spindle-
shaped, and cube-shaped o-Fe203 . X-ray powder diffraction confirmed the presence

of crystalline o-Fe203 in the rod-shaped material, and X-ray powder diffraction and

electron diffraction confirmed the presence of crystalline o-Fe203 in the spindle and

cube-shaped material. The lattice fringe images observed by high resolution TEM

verify that individual particles of spindle and cube-shaped o-FepO3 are single

crystals. The spindle-shaped particles are approximately 325 nm long and 125 nm in

diameter, and the average cube-shaped particle size is 150 nm. BET surface areas of

the rod, spindle, and cube shaped o-Fe203 powders are 8.6 m2/ g 113 m2/g, and 7.8

m2/ g, respectively.
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After deposition of Rh by photochemical reduction, the red-brown rod-shaped
powders turned brown, and the brown spindle-shaped powders and red-brown cube-
shaped powders darkened. In all cases, it is seen that 2 - 4 nm particles of Rh are
uniformly dispersed on the support materials. As in our previous work, we have
shown that the photochemical deposition procedure is independent of support

material (FepO3, FeOOH, and Si02). Quantitative deposition of the Rh on the
support resulted as no unreacted [(C2H4)2Rh(OEt)]2°H20 exists in solution after

reaction as determined by ITHNMR spectroscopy of the material contained in the
supernatant. Energy dispersive spectroscopy confirms the presence of Rh in all
samples. No Rh particles were detected in the dispersed solution (even after

sonication) indicating the particles adhere strongly to the support surface.

Thermolysis of Rod-, Spindle-, and Cube-Shaped a-Fe203, and of f-FeOOH and Rh
coated -FeOOH

In order to determine the effect of heat treatment in these materials, model
experiments were carried out wherein the FepO3 and the B-FeOOH supports were
heated and characterized by crystallography and microscopy. The spindle and cube-
shaped o-FepO3 particles exhibited a total weight loss of 3.5% and 1.0%,
respectively, on heating in static air up to 800 °C. The weight losses are probably due

to the dehydration of surface hydroxyl groups. Heating these samples up to 800°C in
a 7% H2 in N2 atmosphere resulted in weight losses of 32.3% and 31.0% for spindle-

and cube-shaped powders, respectively. The weight losses are consistent with the

formation of Fe.

We have shown that rod-shaped o-Fe203 is produced by the thermal

decomposition of rod-shaped B-FeOOH at 400°C in vacuo. It is interesting to note
that the synthesis is strongly dependent on temperature and atmosphere. At 300°C, an
amorphous iron oxide is produced that gives no diffraction pattern. The amorphous
material has a BET surface area of 54.2 m2/gm, more than twice that of the original
rod-shaped B-FeOOH powder. At 400°C, in air rather than in vacuo, an amorphous

iron oxide is once again the product. The rod-shaped morphology remains, but no
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diffraction pattern is detected. TEM indicates the creation of an approximately 10 nm
chanrel structure that does not exist in the f-FeOOH. An increase in microporosity
of the amorphous material could account for the increase in the BET surface area. At
present we speculate that the amorphous structure is derived from the removal of
water and interstitial ions (Cl-) from the -FeOOH structure30, and that thermolysis
under air rather than vacuum allows the gross morphology to be retained while the
porous internal microstructure can develop. Further investigation is clearly
warranted.

On heating Rh loaded B-FeOOH particles (synthesis described previouslylz)
to 400°C in air, the transition to the same amorphous iron oxide material occurs. X-
ray diffraction shows only the pattern consistent with fcc-Rh. No agglomeration of

the Rh particles is detected.

Catalytic Hydrogenation of Pyrene
Polynuclear aromatic hydrocarbons (PAHs) are vital in the liquefaction of coal

to viable fuels, because they assist hydrogen transfer between a hydrogen source and
free radical coal fragments formed in the liquefaction process.31 Hydrogenation of
the PAH pyrene models the kinetics and thermodynamics of the hydrogenation of
PAHs in liquefaction reactions32 and so the reaction is studied. Hydrogenation of

pyrene to form 4,5-dihydropyrene is modeled by pseudo first order reversible

kinetics, and the reaction proceeds at moderate conditions (T = 100°C, P = 100 psi

H?) in the presence of a catalyst. Catalysts studied in the past include Ni33, NiMo34,

Pd35, Fe36, MoS737, and Rh8. We have studied the heterogeneous Rh catalysts
synthesized here as a function of the support material, thermal treatment, and metal
loading.

Background runs on the three types of a-Fe203, B-FeOOH, and SiO2 show
no catalytic activity; no products are detected giving a TON of zero. The materials
become catalytic in the presence of Rh, and activity is a function of the active metal
concentration (Figure 1). Support composition dependent catalytic activity is clearly

noted (Figure 2). The activity of the Rh on B-FeOOH catalyst is twice that of
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previously studied Rh catalysts8 and four times greater than Pd catalysts3J studied at

the same conditions. Activity of the heterogeneous Rh catalysts decreases by factors
of two as a function of support material for a-Fe2O3 and then SiO7. The activity of
Rh on rod-, spindle-, and cube-shaped o-FepO3 catalysts is relatively constant
(Figure 2) indicating that activity is independent on the morphology of the support
material.

The effect of the thermolysis of Rh on B-FeOOH is minimal (Figure 3).
Catalytic activity decreases slightly in the temperature treated sample. In the
temperature treated sample, the dispersion of the metal and the morphology of the
support remain constant, the crystalline B-FeOOH becomes amorphous, and a channel
structure in the amorphous material develops. Decrease in the catalytic activity must
result from the chemical change in the support that produces the amorphous structure.

Finally, catalytic activity is determined as a function of the metal loading on
the support (Figure 4). At constant active metal concentration with respect to the
reactant pyrene, catalytic activity drops substantially in the material highly loaded

with Rh. Lower activity is consistent with lower dispersion and larger particle sizes

observed in the highly loaded Rh on 3-FeOOH material.

Conclusions:

We have prepared 2-4 nm sized Rh particles dispersed on a variety of supports
by the photochemical reduction of [(C2H4)2Rh(OEt)]2°H20 in the presence of the
supports. Rh particles were dispersed on support materials of different morphology
and composition (rod-, spindle-, cube-shaped a-Fe203, B-FeOOH, and SiO2)
indicating the procedure is general. The mild photochemical reduction does not effect

the microstructure of the support. Quantitative deposition of the Rh on the support

resulted as no unreacted [(C2H4)2Rh(OEt)]2¢H20 or Rh particles exist in solution

after reaction. Catalytic hydrogenation testing of the materials indicate that activity is
a function of the composition of the support but not the morphology of the support at

the length scales studied. Activity is also a function of particle size as effected by an

increase in the metal loading of the material. Thermolysis of the f-FeOOH supported
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material shows that the dispersion of the metal and the morphology of the support
remain constant, the crystalline B-FeOOH becomes amorphous, and a channel
structure in the amorphous material develops. As a result, catalytic activity of the

heat treated Rh on B-FeOOH decreases.
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Figure 1: Effect of Rh concentration on the catalytic hydrogenation of pyrene for 2.4
wt. % Rh on cube-shaped a-Fe,O3 materials. TON for cube-shaped a-Fe;03, all
other iron oxide materials, and SiO, without Rh is zero (no products formed).
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Figure 2: Effect of support composition and morphology on the catalytic
hydrogenation of pyrene (2.4 wt. % Rh on each support, 0.5 wt. % Rh to pyrene). B-
FeOOH supported materials are roughly two times more active than o-Fe;03
supported materials and six times for active than SiO, supported materials.
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Chapter 4

Encapsulation of Gold Nanoclusters in Silica Materials via an Inverse

Micelle / Sol-Gel Synthesis

Abstract

Nanometer sized gold particles were encapsulated in the micropores of xerogels and
acrogels. The synthesis involves the sequential reduction of a gold salt followed by sol-gel
processing in an inverse micelle solution. The inverse micelle solution solubilizes the metal
salt and provides a micro-reactor for the nucleation, growth, and stabilization of the
nanometer sized clusters. Hydrolysis and condensation of an added siloxane precursor
produces a wet gel embedding the particles. Characterization of the particle size and
composition and the particle growth process was completed with transmission electron
microscopy (TEM), electron diffraction, and UV-visible absorption spectrometry.

Characterization of the gel surface areas was completed with N2 porosimetry. Material

properties determined as a function of the gel precursor (TEOS vs. a pre-hydrolyzed form of
TEOS), the water to gel precursor reaction stoichiometry, and surfactant concentration are
discussed in terms of the unique solution chemistry occurring in the micro-heterogeneous

inverse micelle solutions.

Introduction

Colloidal sized metal and semiconductor particles with diameters of 1 - 20 nm
(nanoclusters) are of current interest because they mark a material transition range between
molecular and bulk properties. With decreasing colloid size, bulk properties are lost as the
continuum of electronic states breaks down (i.e. quantum size effects) and as the fraction of
surface atoms becomes large. There are a number of ways to synthesize metal particles with
diameters between 1-20 nm'”>. All synthesis routes include nucleation, growth, and
stabilization of the particles and attempt to control particle size, size distribution, chemical
composition, and structure. Chemical or photolytic reduction*®, thermal decomposition’,

and vapor phase condensation'"" of metal salts and organometallic reagents initiates
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nucleation and growth. Controlling double layer forces with buffers and electrolytes ™ and

the use of steric stabilizing agents such as polymers'*™, surfactants™”

*, and bulky ligand
appendages™ ™ stabilize the particles in solution.
A common nanocluster synthesis technique is the reduction of metal salts in inverse

. Inverse micelles are solution structures formed by the self-assembly of

micelle solutions™
surfactants in apolar solvents (i.e. toluene, alkanes). Surfactants possess two distinct
moieties, a hydrophilic head group and a hydrophobic tail group, and they self-assemble in
apolar solvents so that the hydrophilic head groups shield themselves from the oleic
surroundings®. The relatively polar head group regions solubilize and confine added metal
salts and act as reaction cages when a reducing agent is introduced. Ultra-small,
monodispersed particles sterically stabilized in solution by surfactant are formed.
Advantages of the inverse micelle synthesis technique include mean particle size control and
compositional variety. Particle size control results from regulation of the nucleation site size
(inverse micelle size) and the particle growth rate (material exchange rate between inverse
micelles). A variety of metals and bimetallics are produced by choosing different metals
salts and mixtures of metal salts. Unfortunately, the presence of surfactant hinders potential
applications (i.e. catalysis), and removal of the surfactant causes immediate flocculation of
the particles with loss of the unique and interesting material properties.

Our goal is to isolate nanoclusters and preserve their unique properties without the
presence of any stabilizing agents that attach themselves to the particle surface. We have
developed sol-gel processing in inverse micelle, nanocluster solutions to encapsulate or
sterically entrap nanoclusters in the micropores of xerogels and aerogels. The synthesis is a
sequential reduction of a metal salt and sol-gel processing of an added siloxane precursor in
an inverse micelle solution. Sol-gel processing of porous silica gels in polar solvents has
been used to encapsulate a variety of large molecules including laser dyes, photochromics,

and proteins*"*

. Sol-gel encapsulation involves polymerization of a gel precursor, usually
tetramethoxysilane or tetracthoxysilane, to build the silica gel structure (host) around the
dopant (guest). Steric entrapment occurs when the gel pore size is comparable to the dopant
size. Also, nanometer sized gold particles have been stabilized with a silica coating using
silane coupling agents as surface primers™. The product of this work includes nanoclusters in
a silica monolith that remain small, of one size, and highly dispersed even after the removal

of the surfactant.



Other works involving sol-gel processing in surfactant, apolar solvent solutions use
high surfactant or alcohol concentrations and are not suitable for monodisperse cluster

formation™*

®. We have established an entirely new system with low surfactant
concentrations and no alcohol. The inverse micelle solutions and precursor salt solutions are
characterized by small angle x-ray scattering (SAXS). After chemical reduction of the metal
salt and hydrolysis and condensation of an added siloxane precursor, cluster size, chemical
composition, and the cluster growth process are characterized by transmission electron
microscopy (TEM), electron diffraction, and UV-visible absorption spectrometry. Gel

surface areas are determined by N2 porosimetry. Material properties are determined as a

function of the gel precursor (TEOS vs. the pre-hydrolyzed form of TEOS), the water to gel
precursor reaction stoichiometry (molar ratio = 4:1, 3:1, 2:1, and 1:1), surfactant
concentration, drying mechanism, and process washing with hexanol.

We are currently interested in nanocluster-gel materials as catalysts. Metal-gel
matrixed materials have been extensively studied as catalysts, because high surface area, high
porosity gels act to disperse the active metal, minimize mass transfer and pore diffusion
limitations, and promote activity through tunable surface acidities. Traditionally, atomic
metals are added to gels when salts are ion-exchanged with terminal hydroxyl groups on the
gel”®, through impregnation into the gel backbone during gel processing®*, or through the
use of chelating agents™®. Clusters are formed later through chemical, thermal, and
photolytic reduction. No current synthesis method prevents metal particle sintering under
robust catalytic conditions, however. Our work is the first where formation of clusters
proceeds formation of the gel, thus resulting in encapsulation and potentially new advantages.
Clusters are trapped in the gel pores of comparable size limiting the modes of particle
sintering. The advantages of the inverse micelle technique are retained including formation
of ultra-small, monodisperse, highly dispersed particles, and particle size and composition
control (i.e. various metals, mixtures of different metals, alloys, layered particles, metal

oxides, and metal sulfides).

Experimental

Materials: The surfactant didodecyldimethylammonium bromide (DDAB), apolar
solvent toluene (99.9+% purity), reducing agent lithium borohydride in tetrahydrofuran (2M),
gold trichloride, tetraethylorthosilicate (TEOS), and a 40 wt. % tetrabutylammonium
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hydroxide (TBAOH) in water solution were purchased from Aldrich and used as delivered.
Polydiethoxy siloxane (M.W. = 610 gm/mol), an oligomer of TEOS formed by a proprietary
pre-hydrolysis reaction, was purchased from United Chemical Technologies of Bristol, PA
and used as delivered. Hexanol is used as a washing solvent and is purchased from Aldrich
at 99.9+% purity.

Synthesis: Surfactant is added to toluene (1-5 wt. %) and stirred by hand shaking to
form the inverse micelle solution. AuCl3 (0.001M) and the gel precursor (0.4M) are added,

and the solution is stirred until the salt is fully solubilized. A gold colored transparent

solution is formed. The LiBH4/THF solution is injected into the salt precursor solution

under rapid stirring so that the [BH47] : [Au3+] = 3:1. The gold solution immediately turns
dark purple. The 40 wt. % TBAOH in water solution is added 1 to 5 minutes afterwards, and
gelation time is marked when the solution no longer flows under gravity. A deep purple,
viscous gel is formed. The water to gel precursor molar ratio is studied as an experimental
variable and is set at 1:1, 2:1, 3:1, and 4:1. Two different gel precursors are tested: TEOS
and a pre-hydrolyzed form of TEOS. The gels are aged for fourteen days prior to drying

under ambient conditions to form xerogels or under supercritical CO? extraction to form

aerogels. Some samples were washed to remove surfactant and reaction by-products by
passing warm hexanol over the dried, crushed gels through an aspirator funnel. Samples
discussed in ‘Results’ were not washed unless indicated.

Characterization: SAXS was completed at the Small-Angle Scattering Center at the
University of New Mexico. A 12 kW rotating anode source was used with at Kratky camera
and an M-Braun linear position sensitive detector. A Ni filter was used as a monochromator,
and the samples were sealed in quartz capillary tubes. Particle size and composition in the
colloidal solutions were characterized with transmission electron microscopy (TEM) and
electron diffraction. These tests were performed with a 300 keV Phillips CM30 electron
microscope. Dried, crushed gels were dispersed over a holey carbon substrate. UV-visible
absorption spectroscopy was completed with a Hewlett Packard 8452A Diode Array
spectrophotometer. Quartz cuvettes were used in liquid samples, and gels were sliced and
mounted on quartz microscope slides. BET surface area analysis of the crushed xerogels and

aerogels was carried out with a Quantachrome Autosorb-6 surface analysis apparatus.
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Results

Small angle x-ray scattering was used to characterize the inverse micelle solutions
and the effect of the addition of the gold salt and gel precursors to the solution structure.
SAXS of DDAB/toluene inverse micelle solutions, gold salt in DDAB/toluene inverse
micelle solutions, and gold salt and TEOS in DDAB/toluene inverse micelle solutions is
weak but existent. Scattering curves are flat and bend only at relatively large scattering
angles. Guinier analysis indicates the aggregate size, R, = 0.49 nm, remains constant in all
three cases (Figure 1). No small angle x-ray scattering is observed when only TEOS is added
to DDAB/toluene mixtures. Finally, scattering and Guinier analysis of gold salt and TEOS
solutions after reduction (i.e. after cluster formation, but before hydrolysis and condensation)
indicates a cluster size of R, = 2.34 nm.

Formation of the clusters occurs within seconds after addition of the reducing agent.
The gold solutions turn purple, the color indicative of the presence of colloidal sized gold.
Gelation occurs in the cluster, surfactant solutions at 1.5, 2.5, 3.3, and 24 hours after the
addition of TBAOH/H,O for samples with the reaction stoichiometry of 1:1, 2:1, 3:1, and 4:1
molar ratio of water to TEOS. The pre-hydrolyzed TEOS precursor samples gel much more
quickly compared to the TEOS precursor. With the molar ratio of water to TEOS oligomer =
4:1, gelation occurs in 15 minutes. For reaction stoichiometries of 3:1 and less, gelation
occurs within 5 minutes. The basic water solution is fully solubilized in the inverse micelle
solution before gelation. The clusters are embedded in the gels upon gelation. The solutions
are transparent and clear (yet colored) at all water concentrations and no cloudiness or
indication of phase separation is visibly apparent.

All wet gels are transparent, homogeneously deep purple, viscous, and undergo little
to no synerises (Figure 2). Drying to form xerogels causes the gels to shrink 1/3 to 1/2 of
their original volume independent of reaction stoichiometry and precursor type. Deep purple
monoliths are formed. Drying to form aerogels causes little shrinking in pre-hydrolyzed
TEOS gels and shrinks TEOS precursor gels by 1/2 of their original volume. Aerogels
appear chalky and light purple, but regain their color when wetted.

The synthesis produces highly dispersed, monodispersed, nanometer sized gold
particles embedded in silica matrices (Figure 3). Particle size is tested as a function of
reaction stoichiometry, the gel precursor type, the drying procedure, and washed vs.

unwashed samples. Particle size is independent of reaction stoichiometry, gel precursor type,
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and the effect of washing (Table 1). The size distribution of a typical sample is relatively
narrow (Figure 4). For washed samples, particle size is independent of the drying procedure
(xerogels vs. aerogels). It appears that the particles are washed out of samples made with the
pre-hydrolyzed form of the TEOS precursor. Few are observed within the gel by TEM.
Particle size is roughly twice as large in gels as in pure inverse micelle solutions of DDAB
and toluene”. Electron diffraction from the clusters show five rings that index to the
presence of FCC-Au. The relative diffraction peak radii for the five rings are 1.0, 0.86, 0.61,
0.52, and 0.40. It should be noted that our work with Pd systems indicate 0.01M metal salt
precursor solutions result in approximately 1 wt. % Pd on SiO, materials as measured by
atomic adsorption spectroscopy.

Monitoring cluster size in solution and in wet gels as a function of time provides
information on the growth mechanism and the effect of gelation on particle growth. Size is
monitored by measuring the gold plasmon resonance observed by UV-visible spectroscopy.
Colloidal sized gold in solution exhibits a plasmon resonance between 500 and 550 nm
depending on particle size. Increasing particle size results in a red shift in the plasmon
resonance. Immediately after salt reduction, the gold plasmon resonance occurs at 502 nm in
gel precursor, DDAB, and toluene solutions. The plasmon resonance red shifts to 509 nm
after three hours and stabilizes at 526 nm after seven days (Figure 5). If gelation is initiated
to a new sample by adding TBAOH/water to the solution, the gold plasmon resonance is 518
nm and 527 nm after three hours and after seven days, respectively (Figure 5). The particles
slowly grow after the reduction before stabilizing in both un-gelled and gelled samples. The
particle growth mechanism is faster, but the final particle size is unaffected by the gelation
process (assuming constant medium refractive indices between ungelled and gelled samples).

Surface areas as determined by N2 porosimetry are strongly dependent on the reaction

stoichiometry, surfactant concentration, and gel precursor type. With some exceptions,
aerogel surface areas increase as the molar ratio of water to gel precursor increases and as
surfactant concentration decreases (Figures 6 and 7). Aerogels formed with pre-hydrolyzed
TEOS precursor exhibit higher surface areas than when formed with TEOS (compare Figures
6a and 7a). When gold is embedded in the silica matrices, the surface areas increase and
follow the same trend with reaction stoichiometry (Figures 6b and 7b). To determine if
surfactant changes the reaction chemistry and thus the material properties or obstructs the

silica surface, the materials were washed with warm hexanol. Surface areas increase and



follow similar trends with reaction stoichiometry (Figures 6b and 7b). TEOS xerogels
exhibit negligible surface areas (not shown). Pre-hydrolyzed TEOS xerogels (not shown)
exhibit similar surface areas and trends as do pre-hydrolyzed TEOS aerogels (Figure 7a).

The silica matrices are mesoporous with pore diameters ranging from 5 - 30 nm.

Discussion

SAXS indicates that inverse micelles formed in DDAB/toluene solutions are small
(R, = 0.49 nm) with only a few surfactant molecules forming each aggregate structure.
SAXS also indicates that the addition of gold salt or the addition of both gold salt and TEOS
have no effect on aggregate size. However, SAXS is not observed when only TEOS is added
to inverse micelle solutions. TEOS alone causes dissolution of the surfactant aggregate
structures. TEOS is miscible in toluene, but relatively polar. The driving force for surfactant
aggregation decreases as the gel precursor acts as a co-solvent for toluene and the polar
moieties of the surfactant . It is likely that there is some effect of TEOS on gold salt inverse
micelle structures, and the effect is offset by the salt or not detected due to weak scattering.

The size of particles formed by the reduction of metal salts in typical inverse micelle
solutions depends on the inherent size of the inverse micelles and the material exchange rate
between inverse micelles. Both micelle size and the material exchange rate depend on
experimental parameters like the surfactant/solvent system, the addition of water which
swells the inverse micelles, and the salt to surfactant ratio. Particle size control is often
complicated but feasible. Our work with the TEOS, DDAB, and toluene system establishes
three results: (1) the reduction reaction in TEOS inverse micelle solutions and in gelled
samples produces particles roughly two times larger than particles formed in only
DDAB/toluene mixtures”, (2) the gelation has little effect on the final particle size as
determined by the plasmon resonance, but does influence the initial growth rate, and (3) the
particle size is not dependent on the gel precursor type, the reaction stoichiometry, or the
drying method.

The effect of TEOS on the inverse micelle structure and the cluster growth and
stabilization processes is the likely cause for the increased particle size in the mixtures
studied here compared to particles synthesized in traditional DDAB/toluene mixtures.
Cluster nucleation and growth is sustained within the inverse micelles. A change in micelle

structure and the growth and stabilization process is inferred from the effects of TEOS on the
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surfactant aggregation phenomena as detected by SAXS. With the addition of the base and
water solution, hydrolysis and condensation of the TEOS starts. The presence of water and
the further production of water and alcohol in the reactions further destabilizes the inverse
micelle structure and causes the clusters to grow at a faster rate as evidenced by the UV-
visible absorption spectra. However, the final particle size is unchanged in gelled systems
compared to ungelled systems. Apparently, an upper bound in the stabilization process is
reached.

Some of the variables adjusted in this study to control material properties include the
gel precursor type, the water to gel precursor reaction stoichiometry, and the drying process
(xerogels vs. aerogels). The precursor type and drying process would have no direct effect on
particle size control and none was observed. More typical methods to control particle size
include, the surfactant/solvent system, the metal salt to surfactant ratio, and water content.
Different surfactant/solvent systems were explored in this study (Polyoxyethylene (6) nonyl
phenyl in cyclohexane and tetraethyleneglycol mono n-dodecyl ether in octane), but results
were less fruitful. Silica particles resulted, or phase separation occurred with only the water
rich phase gelling®. Salt to surfactant ratios were not varied in this study. We attempted to
control particle size through the use of water content. No particle size control is apparent in
this effort most likely due to the destabilization of the inverse micelle structure in the
presence of TEOS and the hydrolysis and condensation by-products. However, the principles
of particle size control remain in this methodology and further effort is required.

Despite the lack of particle size control, the role of the surfactant is clear. The inverse
micelles act to solubilize the metal salt, stabilize the clusters against growth, and solubilize
the TBAOH/H,O mixture during gelation. If surfactant is not used, little AuCl, is solubilized
in TEOS, toluene mixtures (<< 0.001M). Reduction with LiBH, results in large particles that
are only stable for a few hours. Finally, introduction of the TBAOH/H,O mixture results in
immediate precipitation of the clusters, phase separation of a water rich and an oil rich phase,
and no gelation.

In traditional sol-gel chemistry, the relative rates of hydrolysis and condensation as
effected by sol-gel processing parameters like acid vs. base catalyzed reactions and the
H,0:8Si ratio control the final gel properties™™. In general, hydrolysis dominates under acid-
catalyzed, low H,0:Si ratio conditions and weakly branched, polymeric sols and gels are

produced. Condensation dominates under base-catalyzed, high H,O:Si ratio conditions to



produce highly condensed particulate sols and gels. As condensation rates increase, gelation
time and gel surface areas generally decrease.

For gels prepared with TEOS in inverse micelle solutions as the H,0:Si ratio
increases, gel times and surface areas increase in direct contradiction to the above stated
conventional wisdom. We propose that the mechanism of gelation in the cluster solutions
depends on the relative solubilities of the reactants in various ‘areas’ of the micro-
heterogeneous solutions. TEOS is soluble in toluene, and DDAB is soluble in TEOS. Thus,
TEOS most likely exists within the inverse micelle and throughout the solution. Decreased
aggregation of DDAB in toluene with the introduction of TEOS as detected by SAXS
supports this hypothesis. Added water is only soluble within the inverse micelle. Thus, it is
likely that gelation occurs mostly at the surfactant interface. Two important results stem
from this hypothesis. First, the effective H,0:Si ratio is much higher than expected from the
set H,0:Si recipe resulting in high condensation rates. As a result, gels are formed in this
study even at low H,O:Si recipes, and surface areas of TEOS gels are low. Second, with
increasing H,0:Si ratio, the H,O:DDAB ratio increases. Increasing the H/O:DDAB leads to
larger, more polydisperse inverse micelles and a subsequent decrease in the surface area of
reaction. Increasing the H,0:S1 recipe actually leads to a decrease in the effective H,0:Si
ratio, and thus, lower condensation rates and the observed higher surface areas and faster gel
times. While the proposed gelation mechanism explains the existing data, it is clearly not
universally applicable. Monoliths are not formed in other inverse micelles systems, and the
use of other structured surfactant phases produce periodic silica phases’”

Gel surface areas increase with decreasing surfactant concentration. This result is
consistent with our proposed mechanism. As surfactant concentration decreases, the
H,0:DDAB ratio increases resulting in a decrease in the surface area of the reaction.
Decreasing surfactant concentration leads to lower effective H,O:Si ratios, lower
condensation rates, and the observed higher surface areas. It is apparent from the increase in
the gel surface area after the surfactant is washed away that surfactant also blocks the
available gel surface.

Gelation times are faster and surface areas are higher when the pre-hydrolyzed form
of TEOS is used. These results indicate that the condensation rates for the pre-hydrolyzed
TEOS precursor reactions are slower than for the TEOS precursor reactions. Steric effects

are most likely responsible for the slower condensation rates with the bulkier precursor.
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Conclusions

We have encapsulated nanometer sized Au particles in the micropores of xerogels and
aerogels. The synthesis is a sequential reduction of a gold salt and sol-gel processing in an
inverse micelle solution. The inverse micelle solution is used to solubilize the metal salt and
provide a micro-reactor for the nucleation, growth, and stabilization of the nanometer sized
clusters. Hydrolysis and condensation of an added siloxane precursor produces a wet gel
embedding the particles. The presence of gel precursors de-stabilizes the inverse micelle
structure resulting in larger particle sizes compared to typical inverse micelle synthesis
techniques. Particle size control is complicated by the gel precursor effect on inverse micelle
structure and the production of water and alcohol in the hydrolysis and condensation
reactions. Finally, a unique gelation technique is outlined in these micro-heterogeneous
solutions. Gelation occurs across the surfactant interface increasing the effective H,O:Si
ratio. Gelation occurs even at low H,O:Si ratios, and condensation rates are high. Sol-gel
parameters like the H,O:Si ratio and the surfactant concentration have unique and sometimes
not intuitive effects on the hydrolysis and condensation rates and the resulting material

properties.
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Table 1. Particle diameters in nanometers as a function of reaction stoichiometry, drying
process, precursor type, and hexanol washing.

AEROGELS XEROGELS
H,0:51 TEOS pre-hydrolyzed TEOS pre-hydrolyzed
TEOS TEOS
washed not washed not washed not washed not
washed washed washed washed
2:1 584/- | 5.6+/- | 5.7 +/- N/A N/A 6.0 +/- N/A N/A
1.3 1.5 1.3 1.5
4:1 5.6 +/- | 6.7 +/- N/A N/A N/A 6.7 +/- N/A 7.1 +/-
1.1 1.1 22 1.2
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Figure 1. Small angle x-ray scattering of DDAB/toluene inverse micelles with a) added Au
salt, b) added Au salt and TEOS, c) Au clusters in the presence of TEOS. No SAXS is
observed when only TEOS is added to DDAB/toluene. The precursor solutions show small
aggregate structures (R, = 0.49 nm). The cluster size as detected by SAXS (R =2.34 nm) is
slightly smaller than when measured by TEM. q = (47/A)sin6 where A is the wavelength of
the radiation and 28 is the scattering angle.




Figure 2. Picture of typical wet gels, xcrogels, and acrogels with sterically entrapped Au clusters.
Aged gels and xerogcls retain the purple color of colloidal Au. Aecrogels lose most color, but

become purple when re-wet with toluene,



Figure 3. TEM of Au clusters embedded in silica matrix. The particles are 5.7 nm in
diameter and highly dispersed. Particle size is roughly twice that of Au clusters synthesized
in traditional DDAB/toluene solutions without TEOS. Particle size is independent of gel
precursor type, drying procedure, or the H,0O:Si ratio.
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Figure 4. Size distribution as determined by TEM indicating average particle size and
monodispersity.
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Figure 5. UV-Visible spectrum of Au cluster as a function of time and gelled and ungelled
samples. The plasmon resonance red shifts with time as the particles grow. The growth rate
is faster in gelled samples, but final particle size is independent of the gelation process.
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Figure 6. (a) BET surface area’s of TEOS aerogels as a function of the H,0:Si ratio and
surfactant concentration. Au salt or clusters are not present. The materials are mesoporous.
Surface areas generally increase with the reaction stoichiometry and decreasing surfactant
concentration. BET surface area’s of TEOS xerogels are negligible. (b) BET surface area’s
of TEOS aerogels as a function of hexanol washing and cluster presence. Surface area’s
increase when surfactant is washed from the pores. The presence of Au salt or clusters has
no effect of gel surface areas.
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Figure 7. (a) BET surface area’s of pre-hydrolyzed TEOS aerogels as a function of the
H,O:Si ratio and surfactant concentration. Au salt or clusters are not present. The trends
established for TEOS materials are repeated. Surface areas generally increase with the
reaction stoichiometry and decreasing surfactant concentration. Pre-hydrolyzed TEOS
xerogel surface areas are smaller, but follow similar trends. (b) BET surface area’s of pre-
hydrolyzed TEOS aerogels as a function of hexanol washing and cluster presence. The trends
established for TEOS materials are repeated. Surface area’s increase when surfactant is
washed from the pores. The presence of Au salt or clusters has no effect of gel surface areas.



Chapter 5

Novel Sol-Gel Based Nanocluster Materials as Catalysts in the

Dehydrogenation of Propane

Abstract

We introduce two novel synthesis strategies to make nanoclusters on silica and
alumina supports using inverse micelle technology and sol-gel processing. In the first
method, sol-gel chemistry (hydrolysis and condensation of metal alkoxides) is performed in
alcohol-free inverse micelle, cluster solutions. In the second method, clusters formed in
traditional inverse micelle solutions are allowed to diffuse into pre-existing wet monoliths
formed using traditional sol-gel techniques. The different materials produced are
characterized and compared with respect to particle size and the substrate properties using N,
porosimetry methods, chemisorption, atomic absorption, and transmission electron
microscopy. The effect of calcination on particle and support stability is determined and
discussed in terms of the metal loading and the relationship between particle size and pore
dimensions. We conclude that the relative sizes of particles and pores has no clear effect on
sintering behavior. Sintering appears to be predominately dependent on metal loading
suggesting Ostwald ripening as the sintering mechanism, but even this analysis 1s
oversimplified. Finally, we study the materials as catalysts in the selective dehydrogenation

of propane with particular interest in stability over time.

Introduction
Nanometer sized metal clusters embedded in sol-gel prepared metal oxide substrates

form a unique class of catalytic materials. Sol-gel processing loosely defines the inorganic
polymerization reactions of hydrolysis and condensation of metal alkoxides to form solid
metal oxides (1). Because many synthesis parameters are available, sol-gel processing offers
versatility in final material properties not available by other catalyst synthesis methods (2-5).
For instance, by adjusting the oxide precursor type and concentration, the water to precursor
reaction ratio, and whether the reactions are acid or base catalyzed, materials with controlled
surface areas and pore dimensions are produced. Formation of metal oxide colloidal

dispersions (sols) precedes final condensation into monolith, particulate, or thin film gels.
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Also, it is possible to tune molecular composition; SiO,, Al,O,, TiO,, and other pure species,
as well as mixed metal oxides are formed. Atomic metals are added later to gels when salts
are ion-exchanged with terminal hydroxyl groups (6,7), through impregnation of metal salts
into the gel backbone (8-11), or through the use of chelating agents (12,13). Reduced metal
clusters are formed by chemical, thermal, and photolytic reduction. Again, the methods are
versatile with respect to metal type, and Pt, Pd, and Ru are common.

In addition to versatility, metal cluster, sol-gel materials have specific catalytic
advantages. For clusters synthesized by impregnation techniques and independent of metal
type or support composition, some degree of occlusion of the particles within the metal oxide
framework occurs (14-17). As a result, higher resistance to metal sintering is noticed. Also,
sol-gel processing parameters have been used to control pore dimensions and particle sizes so
that the particles are encapsulated (i.e., the pore size is approximately equal to the particle
diameter) (18). Resistance to sintering increases without occlusion of the particles. In one
case, however, lower activities were observed due to encapsulation (19). In another study,
Pt/Al,O, sol-gel prepared materials showed resistance to coke formation for a number of
different support and particle morphologies (20).

In this work, we test the sintering resistance, activity, and selectivity of Pt particles
embedded in sol-gel formulated SiO, and Al O, prepared by several novel synthesis methods.
In an earlier study, we synthesized Au particles in SiO, by combining inverse micelle
techniques with sol-gel processing in nonaqueous, alcohol-free surfactant solutions (21). We
have now expanded the synthesis to include the formation of Pt particles and the formation of
Al O, supports. We also develop a second synthesis approach in this paper; namely, inverse
micelle synthesized Pt clusters are encapsulated in traditionally synthesized sol-gel Si0O,
supports. The clusters are allowed to diffuse into the pores of a wet alcogel, and drying of
the gel encapsulates the particles in the micropores. We describe the synthesis,
characterization, and sintering behavior of these materials, and we show activity and
selectivity results of these materials tested as catalysts in the dehydrogenation of propane.
The synthesis methodologies we present offer the advantages of the inverse micelle technique
to make clusters; namely, ultra-small, monodispersed particles of controlled, tunable sizes are
formed (22,23). Also, the methodology offers a novel procedure to encapsulate particles in

the support by building the metal oxide framework around the clusters.
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The advantages of cluster, sol-gel derived SiO, and Al,O, catalysts address especially
important problems in selective dehydrogenation processes. In earlier studies, deactivation
SiO, and Al O, supported metals by surface carbon deposition and/or particle sintering is
observed (25-32). Tin as a stabilizer, for instance, is often added to counter deactivation. In
particle, sol-gel derived materials, we hope a natural resistance to coke formation and

prevention of sintering by encapsulation will relieve some of these problems.

Experimental

Materials.  The following materials were purchased from Aldrich Chemical Co. and were
used as delivered: the surfactant didodecyldimethylammonium bromide (DDAB),
tetraethylorthosilicate (TEOS), aluminum tri-sec-butoxide (97%), ethyl acetoacetate (99+%),
platinum (1) chloride (98%), apolar solvent toluene (99.9+% purity), reducing agent lithium
borohydride in tetrahydrofuran (2M), and a 40 wt. % tetrabutylammonium hydroxide
(TBAOH) in water solution. Acid and base solutions were made from HCL certified 1N
solution and concentrated HNO, and NH,OH certified ACS plus from Fisher Scientific.
Absolute ethyl alcohol was supplied for AAPER alcohol.

Synthesis.  The synthesis of nanoclusters via inverse micelle solutions is an established
technique (22,23). Metal salts are solubilized within the polar regions of inverse micelles.
When a reducing agent is added, nucleation and growth of the metal particles commences.
Stabilization of the growth is controlled by the surfactant, and final particle size depends on a
number of synthesis variables. The synthesis of Au particles encapsulated in SiO, via an
inverse micelle, sol-gel combined procedure was described earlier (21, Figure 1). Here, we
extend the synthesis to include Pt particles and Al,O, supports (Table 1).

Sequential inverse micelle, sol-gel derived Pt/SiO,: Surfactant is added to toluene (5
wt. %) and stirred by hand shaking to form the inverse micelle solution. PtCl, (0.005M) and
the gel precursor TEOS (0.4M) are added to the DDAB, toluene mixture, and the solution is
stirred until the salt is fully solubilized. Sufficient LiBH4/THF solution to result in a 3:1

ratio of BH,™ : Pt2* is then injected into the salt precursor solution under rapid stirring to
form the Pt clusters. The 40 wt. % TBAOH in water solution is added to the mixture 5
minutes after the addition of the LiBH,, and gelation is marked when the solution no longer

flows under gravity. The water to gel precursor molar ratio is set at 3:1. The gels are aged



for two days at 50°C and are washed with pure toluene (soaked for several hours at 50°C, 3
cycles) to remove any unattached surfactant, metal salt, or excess reducing agent. The
samples are then split in two with half being used to form xerogels and the other half being
used to form aerogels. Xerogels are formed by three staged drying cycles of 40°C, 50°C, and
120°C each overnight. Aerogels are formed under supercritical CO; extraction. The overall
molar equivalent ratio of the synthesis is Si : 3H,0 : 23 toluene : 0.2 TBAOH where the
toluene actually represents 0.005M PtCl, in 5 wt. % DDAB in toluene.

Sequential inverse micelle, sol-gel derived Pt/Al,O,: The PYALQO, synthesis is loosely
based on a previous alcohol based Al O, recipe without metal (33). DDAB is added to
toluene (5 wt. %) and stirred by hand shaking to form the inverse micelle solution. The gel
precursor is a 1:1 molar ratio of aluminum tri-sec-butoxide and ethyl acetoacetate. PtCl,
(0.005M) and the gel precursor (0.8M) are added to the DDAB, toluene mixture, and the
solution is stirred until the salt is fully solubilized. The LiBH4/THF solution is then injected

into the salt precursor solution to form the clusters under rapid stirring so that the [BH47] :
[Pt2+] = 3:1. After 30 minutes, an aqueous 4.3M HNO, solution is added, and gelation is
marked when the solution no longer flows under gravity. The water to gel precursor molar
ratio is set at 3:1. The gels are aged for two days at 50°C and are washed with pure toluene
(soaked for several hours at 50°C, 3 cycles) to remove any unattached surfactant, metal salt,
or excess reducing agent. The samples are then split in two with half being used to form
xerogels and the other half being used to form aerogels. Xerogels are formed by three staged
drying cycles of 40°C, 50°C, and 120°C each overnight. Aerogels are formed under
supercritical CO, extraction. The overall molar equivalent ratio of the synthesis is Al : 3H,0
: 14 toluene : 0.2 HNO, where the toluene represents 0.005M PtCl, in 5 wt. % DDAB in
toluene.

Concurrent inverse micelle, sol-gel derived Pt/SiO,: An asterisk denotes samples
made by the ‘concurrent’ methodology. Here, Pt clusters are synthesized with a
‘standardized’ inverse micelle recipe. Concurrently, SiO, monolith is synthesized with a
‘standardized’ ethanol sol-gel recipe. The clusters are then allowed to diffuse into the gel,
and the gel is dried leading to encapsulation of the particles in the micropores. To form the
clusters, 0.01M PtCl, is solubilized in a 5 wt. % DDAB, toluene mixture. The LiBH4/THF

solution is injected into the salt precursor solution under rapid stirring so that the [BH47} :
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[Pt2+] ratio is 3:1. To form the SiO, monolith, a stock solution of 61ml TEOS, 61 ml ethanol,
4.87 ml water, and 0.2ml 1M HCl is refluxed at 60°C for 1.5 hrs with stirring. The solution
is stable indefinitely at 20°C, but is stored in a freezer to ensure stability. The approximate
molar ratio of the solution is TEOS : 4 ethanol : H,O : 0.007 HCl. Mixing a 10:1 volume
ratio of stock solution to 0.5M NH,OH causes gelation within minutes. The gels are aged
and washed three times with excess ethanol at 50°C for several hours. To produce the cluster
/ Si0, matrix, the gels are washed three times with excess toluene at 50°C for several hours.
Then, the SiO, is washed with excess cluster solution three times at 50°C for several hours.
Xerogels are formed by three staged drying cycles of 40°C, 50°C, and 120°C each overnight.
The methodology was not extended to aerogels or Al,O, supports, although this should be
facile.

All samples were calcined in a tube furnace under air. A two stage temperature ramp
was used. The samples were held at 250°C for 1 hour and then the final temperature for 1
hour. Final calcine temperatures were determined by TGA results as discussed below.
Characterization.  Metal weight fractions on the supports were determined with a Perkin-
Elmer 5100PC atomic absorption spectrophotometer (AA). Thermal gravimetric analysis
(TGA) was completed with a TA Instruments Thermal Analyst 2000. Platinum particle size
was characterized with transmission electron microscopy (TEM) with a 300 keV Phillips
CM30 electron microscope. To prepare TEM samples, dried, crushed gels were dispersed
over a holey carbon substrate. N, porosimetry, surface area analysis (BET) of the crushed
xerogels and aerogels was carried out with a Quantachrome Autosorb-6 surface analysis
apparatus. BET samples were outgassed for 20 hours at 100°C. Hydrogen chemisorption
was measured using a Coulter Omnisorp 100CX instrument. All chemisorption samples
were calcined at 450°C in air for 1 hour except the ‘concurrently’ produced P/SiO,” sample.
Based on TGA results, the concurrently produced Pt/SiO,” sample was calcined at 600°C for
1 hour in air. In the chemisorption unit, the samples were outgassed in flowing He at 350°C
for 1 hour followed by reduction in flowing hydrogen at 400°C for 2 hours. Samples were
then evacuated at 405°C for 3 hours prior to cooling to room temperature before
measurement of hydrogen uptakes. Dispersions were calculated from total hydrogen uptake
and converted to particle sizes by assuming spherical particles and a Pt atom surface density

of 1.25 x 10" atoms/cm’. The samples used for TEM, chemisorption, and propane
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dehydrogenation are from the set of samples described by the first column of the AA results
(i.e., those listed first and on the left in Table 3).

Catalyst Testing. All samples were initially in the form of a single monolithic piece.
These monoliths were carefully ground and sieved to obtain a -60/+80 mesh fraction for use
in reactor testing. The remainder of the sample disintegrated into a fine powder which was
used for the majority of the physical characterization. The ‘sequentially’ produced Pt/SiO,
sample was tested for propane dehydrogenation in the powdered state since careful grinding
of the monolith did not result in a sufficient quantity of -60/4+-80 mesh material.

Activity measurements were made in a fixed bed flow reactor. The reaction sequence
begins with heating of the catalyst bed to reaction temperature (typically 525-575°C) in

flowing nitrogen. Once temperature is reached, the nitrogen flow is stopped and reactant
flow begins. Propane is fed through a calibrated mass flow controller and is preheated in a
1/8” coiled stainless steel tube at the reactor inlet. The preheated reactant then enters a 3/8”
stainless steel tube containing catalyst. The catalyst is supported on a fine steel mesh located
at the bottom of the reactor. Depending on catalyst density, 0.3-0.6 gm of catalyst are
typically used to give a catalyst bed volume of 3.6 cc. After exiting the reactor, product
gases are exhausted through the sample loop.of a gas chromatograph, where C1-C4
hydrocarbons are analyzed. Gas sampling and analysis was performed at 20 minute intervals.
Oxygen regeneration and hydrogen reduction treatments were often used alternately to
achieve maximum catalyst activity. Reactor temperature is measured by three thermocouples
externally attached to the top, middle, and bottom of the reactor, and one thermocouple
located inside the reactor at the bottom of the catalyst bed. No significant differences were
ever observed among the four thermocouples indicating that the reactor was operating in an
isothermal mode.

In general, no consistent activation behavior was observed among the various
catalysts. In most cases, hydrogen reduction was found to be beneficial, but for one catalyst
(P/ALO, aerogel) hydrogen reduction actually decreased activity. Also, the rate of
deactivation of the catalysts varied, as did the efficacy of air oxidation to burn off carbon and
regenerate the catalysts. Because of these variations among the catalysts, quantitative
comparisons are difficult. The reported activities are therefore the best activities that were
achieved on each catalyst, and the prior history of the catalysts varies substantially. In

addition to variations in pretreatment, variations in both weight hourly space velocity



(WHSYV) and gas hourly space velocity (GHSV) also occurred among the catalysts. The
GHSYV variations arise as a result of a loss of catalyst bed volume during the reactions, which
prevents an a priori prediction of the true GHSV. The WHSYV velocities result from both the
bed volume changes, as well as differences in density among the catalysts. In general, the
initial bed volume was kept constant at ~3.6 cc, provided a sufficient quantity of the -60/+80
mesh fraction was available. As a result, variations in WHSV are much greater than
variations in GHSV. In order to compensate for the space velocity variations, both propane
conversion/selectivity and propane turnover frequencies (TOF, calculated from measured
dispersions, WHSV’s and Pt loadings) are reported. The conversion/selectivity data allow
comparison with a commercial 7.5 wt % Cr/Al O, catalyst (Girdler G-41), while the TOFs
allow comparisons of intrinsic activity among the catalysts. Because conversions are
generally less than 10% and therefore far from equilibrium (equilibrium conversion is ~30%

at 550°C), the use of TOFs should compensate for space velocity differences and provide a

valid measure of intrinsic activity.

Results

TGA weight loss results indicate a large difference between the samples produced by
the sequential reactions of metal reduction, hydrolysis and condensation and the SiO, sample
produced by the concurrent synthesis (Figure 2). The weight loss is large on an absolute
scale for the samples produced in the sequential methodology with greater than 50% weight
loss. Most weight loss occurs below 400°C so 450°C was chosen as the calcination
temperature. The Pt/SiO," sample shows two weight loss regions, at approximately 350°C
and 550°C. Only 15 wt. % of the total sample is lost. 600°C was therefore chosen as the
calcination temperature to ensure complete weight loss prior to analysis and testing. TGA
results did not differ in air compared to an inert He atmosphere.

BET surface area results indicate a large difference between the samples produced by
the sequential reactions and the SiO, sample produced by the concurrent synthesis (Figure
3). ‘Sequentially’ produced Pt/SiO, and Pt/A],O, xerogels and aerogels are nonporous and
show little surface area. Upon calcination surface area increases greatly but then decreases
during propane dehydrogenation. The same trend is observed with the Pt/SiO," xerogel, but

these samples are mesoporous with high surface areas even prior to calcining. Differential
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pore size analysis shows the Pt/SiO," xerogel pores are larger with a broader pore size
distribution then the other samples (Figure 4).

Particle size was studied with TEM (Figure 5) and H, chemisorption. TEM analysis
indicates the initial PU/SiO, xerogel, PUSiO, aerogel, and the Pt/SiO," xerogel particle
diameters are 1.5 nm, 1.5 nm, and 2.0 nm, respectively. After calcination, TEM particle sizes
increase to 4.5 nm, 4.0 nm, and 3.5 nm, respectively. The AlL,O, xerogel and aerogel show
aggregated metal particles throughout the substrate. No individual particles are observed.
After calcination, individual particles are observed. The Pt/Al O, xerogel and aerogel particle
diameters are 3.5 nm and >50 nm, respectively. Particle sizes determined by chemisorption
are compared to TEM results (Table2). For the calcined P/SiO, and Pt/SiO, aerogels and
the calcined Pt/Al,O, xerogel, the measured dispersions are 12.7%, 22.3%, and 11.1%,
respectively, corresponding to particle diameters of 4.5, 2.5, and 4.9 nm, in close agreement
with TEM results. H, chemisorption measurements were not possible on the uncalcined
samples due to severe outgassing problems.

Atomic absorption spectroscopy was used to determine metal loadings. Three
separate sample sets were tested (Table 3). The first set of numbers (on the left) represent the
samples used for BET, TEM, chemisorption, and activity testing. For the Pt/SiO, xerogel,
PuSiO, aerogel, PU/SiO, xerogel, PUALO, xerogel and PY/AlQ, aerogel, the metal loadings
are 0.24 +/- 0.08 wt. %, 0.23 +/- 0.07 wt. %, 0.25 +/- 0.03 wt. %, 0.22 +/- 0.14 wt. %, and
0.24 +/- 0.14 wt. %, respectively. Reproducibility is poor, but it is particularly poor with the
Al O, samples indicating an extreme sensitivity of metal loading to synthesis conditions. It is
possible to increase metal loadings by increasing precursor salt concentrations, but particle
size and polydispersity generally increases.

The platinum samples were tested for propane dehydrogenation at 550°C (Table 4,

Figure 6). Note the WHSV’s and pretreatment conditions differ significantly among the six
samples studied, as discussed earlier. Because of these variations, quantitative activity
comparisons cannot be made, and the activity measurements serve mainly to demonstrate the

potential of this class of dehydrogenation catalysts, as will be discussed later.

Discussion
Synthesis Effects on Support Properties. TGA results indicate that for samples

synthesized via the sequential methodology (i.e., sol-gel processing is completed in an
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alcohol free, cluster, inverse micelle system) over 50 wt. % of the sample is thermally lost by
about 400°C. The only single component present to such extent in the initial reaction
mixture is the gel precursor TEOS leading us to believe that the large weight loss in the final
product is due to unreacted TEOS monomer. It is likely that the unreacted TEOS results
from inefficient hydrolysis and condensation reactions in apolar, alcohol free inverse micelle
mixtures. The same argument holds for the alumina system.

In samples synthesized via the concurrent methodology (i.e., using a well defined sol-
gel process taking place in ethanol followed by the addition of an already prepared cluster,
inverse micelle solution), TGA results show two weight loss regions with a total loss of
approximately 12 wt. %. No weight loss occurs before 200°C indicating all solvents were
removed in the drying procedure. At approximately 200°C, there is a loss of about 6 wt. %
mostly due to the thermal breakdown of surfactant. There is little unreacted TEOS due to the
highly studied, efficient synthesis procedure used. Finally, starting at approximately 400°C,
about 5 wt. % is lost probably due to the thermal breakdown of terminal hydroxy groups.

The N, porosimetry results support our TGA analysis. In sequentially synthesized
samples, no measurable surface area exists before calcination, because of the presence of
surfactant and unreacted TEOS in the pores. The surface area increases greatly upon thermal
removal of these components. In the concurrently synthesized sample, surface area increases
slightly due to removal of surfactant.

In our earlier work, we studied the synthesis parameters that govern final material
properties in sol-gel processed materials in inverse micelle systems (21). We observed, as we
observe here, that monoliths form at much lower water:TEOS ratios than in alcohol based
systems. We speculate that monoliths form due to localized high water concentration regions
in the inverse micelles with the hydrolysis and condensation reaction mechanisms taking
place across surfactant monolayers and in transient micelle material exchange states. It
appears in these mechanisms that only a fraction of TEOS is exposed to the water rich
regions and participates in the reaction, thus providing a high effective water concentration as
we speculated earlier. Also in our previous work, we noticed a reverse trend in surface area
with the water: TEOS ratio than is typically found in alcohol systems. As the samples in our
previous study were not calcined, it is unfortunate that we were measuring surface areas of
materials obstructed with unreacted TEOS. True monolithic surfaces were not measured

calling into question the analysis of the effect of the water:TEOS ratio in that work.



Synthesis Effects on Particle Properties. TEM results indicate that the metal reduction
reaction to form clusters is highly efficient in the SiO, samples. Small, monodisperse
particles with diameters of less than 2 nm is typical for Pt particles synthesized in pure
DDAB/toluene inverse micelle mixtures. Visually, an abrupt color change and rapid H, gas
production indicate an instantaneous reaction. In the sequential reduction methodology, the
presence of TEOS, the hydrolysis and condensation reactions, and drying have no effect on
final particle size. In the concurrent reduction methodology, diffusion of the particles into
the gel network and drying have no effect on final particle size.

The reduction reaction efficiency decreases substantially in alumina systems.
Visually, color change and H, production occurs over at least one-half hour. In reactions in
inverse micelles, it is known. that slow nucleation and growth results in large, polydisperse
size distributions. We observe similar results here. Further, the particles are aggregated
indicating surfactant stabilization was not effective. A concurrent reaction mechanism where
the particles are synthesized separately maybe required to obtain highly dispersed Pt particles
in aluminum gels. We have not yet studied a concurrent reaction mechanism for alumina.
Sintering and the Relationship between Particle and Pore Sizes. In the sequentially
synthesized SiO, samples, particle size and pore dimensions are relatively equal before
calcination. After calcination, the particle size increases to approximately three times larger
than the pore dimensions even at the relatively low calcination temperatures of 450°C.
Agreement between TEM and chemisorption results indicate the particles are moving out of
the pores and unto the surface of the substrates rather than being occluded in the support
structure.

In the concurrently synthesized P/SiO,  xerogel, particle size is approximately three
times smaller than the pore dimension before calcination. After calcination, the particle size
and the pore dimensions grow only slightly (i.e. no sintering), the particle size remains
approximately three times smaller than the pore dimension. Agreement between TEM and
chemisorption results indicate no particle occlusion.

It is clear from the above results that no clear relationship between particle size and
pore dimension effects sintering behavior. Previous work on Pt/SiO, catalysts (18) states that
there is a strong relationship between particle size and pore size, and that for low metal
loadings sintering is prevented when particle sizes match average poor diameters. The

conclusions of this previous work were based upon three distinct cases: 1) “high' Pt loadings
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with particle sizes smaller than the pore size; 2) ‘high’ Pt loadings with particle sizes matched
to the pore size; and 3) ‘low’ Pt loadings with particle sizes matched to the pore size. The
fourth case, ‘low’ Pt loadings with particle sizes smaller than the pore size, was not studied.
Thus, the possibility that sintering resistance is merely a reflection of Pt loading only could
not be eliminated. The concurrently synthesized Pt/SiO," xerogel reported here falls into the
fourth case, and demonstrates resistance to sintering even though the particle size and pore
size are not well matched.

The results from the previous work (18) combined with our results for the Pt/SiO;
sample is further evidence that there is no clear relationship between particle size and pore
dimension effecting sintering behavior. The combined results with Pt/SiO,” provide strong
evidence that sintering is a function of metal loading. Metal particle sintering on support
materials occurs by two mechanisms: (1) particle aggregation due to particle diffusion along
the support, and (2) Ostwald ripening where large particles grow at the expense of smaller
particles due to atomization and diffusion between particles. As Ostwald ripening is
concentration dependent, it appears Ostwald ripening is the predominant mechanism for
sintering. It may be possible to effect vapor pressures and influence surface tensions by
encapsulation such that the mechanism for Ostwald ripening is hindered, but there is yet no
experimental evidence to quantify the effects. The relationship between the initial particle
size and pore dimension may effect particle to particle diffusion, thus somewhat preventing
the less important form of sintering. Paradoxically, however, sintering is observed in the
Pt/SiO, xerogel where metal loading is low (while the average metal loading for the Pt/SiO,
xerogel is relatively high recall the sample tested in BET, TEM, chemisorption, and catalyst
testing is the one reported in the left most column of Table III). It appears that sintering is
more complicated that concentration dependent Ostwald ripening also.

The effect of calcination on particle size in alumina samples is counter intuitive.
Encapsulation is not an issue, because the particles and aggregates are much larger than the
pore dimensions. With calcination, aggregated particles separate into smaller domains. In
alumina samples, random particle diffusion upon calcination apparently decreases the particle
concentration gradient resulting in more dispersed, smaller particles.

Catalyst Testing.  The propane conversion data in Table 4 shows that the uncalcined
Pt/SiOz' xerogel results in the highest conversions of any of the Pt catalysts. Note, however,

that the space velocities for this catalyst are substantially lower than for the other catalysts.
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Of the other catalysts, the calcined Pt/SiO,” xerogel gives the highest conversions, although
the performance of the Pt/Al,O, aerogel is comparable if a linear correction for the difference
in GHSV is made. Even with corrections for GHSV differences, none of the catalysts
performed comparably to the commercial Cr catalyst, which achieved near equilibrium
conversion with a very high selectivity. In general, the selectivities of the Pt catalysts are
inferior to the commercial catalyst, particularly at the higher conversions. The selectivities
are, however, substantially better than those reported by de Miguel, et al. (27) at 853 K, and
comparable to those reported by Barias, et al. (25) at 519°

On a TOF basis, the calcined Pt/SiO,” xerogel and the Pt/Al,O, aerogel have by far the
highest activities. No calculations of TOFs are possible for the commercial catalyst or the
uncalcined P/SiO,” xerogel due to the absence of an appropriate active site counting method
for the former, and severe outgassing problems for the latter, which prevent hydrogen uptake
measurements. The magnitudes of the TOFs on the two best catalysts are substantially
higher than those reported by Bariéds, et al. (25) for traditionally prepared Pt/SiO, or Pt/Al,O,
catalysts at 519 K. Furthermore, while Barias, et al. noted rapid deactivation over a period of
~30 minutes, resulting in loss of more than 90% of the initial activity, we find less than a
50% loss in activity for the Pt/Al,O, aerogel, and only a 10% loss for the Pt/SiO, xerogel
catalyst over a similar time period. In fact with the exception of the Pt/SiO, aerogel, all of
our catalysts show a remarkable resistance to deactivation (Table 2). This resistance is
comparable to that reported by Baris, et al. (25) for traditionally prepared PtSn/Al,O, and
PtSn/SiO, catalysts. Furthermore, the initial activities of our two best catalysts are
comparable to those of the PtSn/Al,O, and PtSn/SiO, catalysts of Baris, et al. Thus, through
the use of sol-gel techniques to prepare Pt clusters inside SiO, and Al O, xerogels and
aerogels, we have obtained performance that is comparable to PtSn/Al O, and PtSn/SiO,
catalysts prepared by incipient wetness. Since deactivation in these catalysts is traditionally
attributed to coke formation and the addition of Sn is known to inhibit coke formation
(25,27), it is probable that the sol-gel derived catalysts also somehow inhibit coke formation,
although as yet we have no physical evidence to support this hypothesis. This conclusion is

consistent with previous work (20).

Conclusions



We introduce two novel synthesis strategies to make nanoclusters on silica and
alumina supports using inverse micelle technology and sol-gel processing. In the first
methodology, sol-gel chemistry is performed in alcohol-free inverse micelle, cluster
solutions. Hydrolysis and condensation reactions are inefficient, but nonetheless monoliths
form around the clusters. In the second method, clusters formed in traditional inverse micelle
solutions are allowed to diffuse into pre-existing monoliths formed using traditional sol-gel
techniques (hydrolysis and condensation in ethanol). The two techniques give materials with
similar cluster sizes, but different pore dimensions. We conclude that the relative sizes of
particles and pores has no clear effect on sintering behavior. Sintering appears to be
predominately dependent on metal loading suggesting Ostwald ripening as the sintering
mechanism, but even this analysis is oversimplified. Our samples achieved relatively high
catalytic activity and stability over time for propane dehydrogenation indicating that the
synthesis methods described here result in catalyst performance more typical of PtSn/AlQ, or
PtS1/SiO, catalysts prepared by impregnation. This behavior may indicate a high resistance

to coke formation in our catalysts.
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Table 1. Summary of samples, recipes, and post-synthesis treatments used in this study. The
asterisk always refers to the sample synthesized by the ‘concurrent’ procedure explained in

the text.
Catalyst Recipe Post-Synthesis
Treatment
Pt/Si0, xerogel Si*3H,0 * 23DDAB/Tol » 0.2 TBAOH * washed; 40, 50,
0.005M PtCl, 120°C air drying
stages
Pt/S10, aerogel Si«3H,0 « 23DDAB/Tol * 0.2 TBAOH =  Supercritical
0.005M PiCl, extraction: CO,, 40°C
Pt/AlO, xerogel Al * 3H,O » 14DDAB/Tol » 0.2HNO, * washed; 40, 50,
0.005M PtCl, 120°C air drying
stages
Pt/Al,O, aerogel Al « 3H,0 « 14DDAB/Tol « 0.2HNO, * Supercritical

0.005M PtCl,

extraction: CO,, 40°C

Pt/S10,* xerogel

Si * 4EtOH » H,0 « 0.007HCI;
0.1H,0 « 0.05M NH,OH; 0.01M PtCl,

washed; 40, 50,
120°C air drying
stages
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Table 2. Summary of particle diameters as determined by TEM. TEM results are compared
to chemisorption results for the post-calcined samples.

Particle Diameter (nm)

‘ Post-Synthesis Post-Calcination
Catalyst
TEM TEM Chemisorption

Pt/Si0, xerogel 1.5 4.5 4.5
Pt/Si0, aerogel 1.5 4.0

Pt/Al,0O, xerogel aggregated 3.5 49
Pt/Al,O, aerogel aggregated > 50

Pt/Si0,* xerogel 2.0 35 2.5

Table 3. Summary of weight percent metal loading as determined by atomic absorption
(AA). Multiple measurements show the reproducibility of the synthesis.

Metal Loading (wt. %)

Catalyst

uncalcined calcined
Pt/Si0O, xerogel 0.16, 0.25, 0.31 0.32,0.50,0.62
Pt/S10, aerogel 0.15, 6.27, 0.26 0.43,0.77,0.74
Pt/AlO, xerogel 0.20, 0.10, 0.37 0.50,0.25,0.92
Pt/ALO, aerogel 0.37,0.10, 0.26 1.06, 0.29, 0.74
Pt/Si0,* xerogel 0.25 0.30




1. Formation of nanoclusters by the inverse micelle technique.

Sy b b
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Figure 1. Schematic representation of the ‘sequential’ reaction method to form clusters
embedded in gels. All reactants are initially present and the two reactions (metal salt
reduction and sol-gel processing) are carried out in sequence. In the ‘concurrent’ reaction
methods, the two reactions are carried out separately and the two products (clusters in inverse
micelles and wet monoliths) are mixed.
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Figure 2. TGA results to determine weight loss with temperature. In sequentially produced
samples, over 50 wt. % is lost due to unreacted gel precursor left by the inefficiency of sol-
gel processing in inverse micelle solutions. The concurrently produced samples, using a well
studied synthesis procedure to produce silica monoliths results in an efficient reaction and

little loss. a) SiO, samples. b) Al,O, samples.
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Figure 6. Activity of samples with respect to propane conversion to propene. AIr
regeneration and H, reduction was used to achieve maximum activity for each sample. Two
samples (Pt/SiO,  xerogel and P/ALO, aerogel) show relatively large activities compared to
previously published results. In addition, stability remains good up to 30 minutes (not tested
longer). Previous results show complete loss of activity in less than 10 minutes unless a
stabilizer is used. Increased stability could be due to prevention of char on the sol-gel
derived supports.
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Chapter 6

Novel Sol-Gel Based Nanocluster Materials as Catalysts in the

Liquefaction of Coal
Abstract

We continue our systematic characterization and catalyst activity testing of highly
dispersed heterogeneous nanostructured materials by applying the above developed
technology to the synthesis of iron based supported xerogel materials. Several iron based

samples were synthesized and tested as catalysts in coal liquefaction.

Results

Synthesis of Fe Based Nanostructured Heterogeneous Catalysts

We have studied the synthesis of two different iron phases in the heterogeneous
catalyst recipes. We have synthesized Fe’ particles and applied a new synthesis in an attempt
to make FeOOH. The synthesis of heterogeneous Fe’/xerogel catalysts is fairly
straightforward, because be originally synthesized Fe® in inverse micelles by the reduction of
FeCl, with LiBH,. Some characterization is necessary, however, because of the addition of
basic water in sol-gel processing. A series of four Fe’ samples of both silica and alumina
have been synthesized in the past quarter.

The synthesis of FeOOH is desired, because FeOOH has been shown to be the best Fe
based catalyst precursor for coal liquefaction. FeOOH in aqueous solutions is typically
synthesized by regulating the pH to 8 and reacting an Fe salt with a solution of H,O,. The
synthesis is tricky in inverse micelles with sol-gel processing, because pH in an apolar
solvent is undefined and acids and bases catalysis sol-gel processing making pH regulation
difficult. Nonetheless, we modified a literature preparation to our synthesis. We have not

been able to identify FeOOH by xray diffraction. Modification to the synthesis is needed.

Coal Liquefaction Testing

We have completed initial coal liquefaction catalyst testing with the highly dispersed
heterogeneous materials. The ultimate goal will be to develop plastic as a hydrogen source to

increase the economic viability of coal liquefaction in a simple, single stage, single catalyst



process. The highly dispersed heterogeneous catalysts are ideal for coal / plastic
coprocessing, because they are bifunctional. The dispersed metal acts to hydrogenate the
coal, and the silica or alumina support depolymerizes the plastic waste.

Results of the initial liquefaction tests are shown below. There are two trends that are
important. First, overall conversion increases markedly with platinum. Strong effects on
metal type indicate that despite being embedded in the support the metal is still highly
dispersed with respect to the coal. Iron based materials are far less active than platinum. The
second important result is that Al,O, as a support consistently shows lower conversion to oil
fractions than thermal runs. AL, is a far better cracking catalyst than SiO, due to surface
acidity. We believe that cracking is occurring at a much faster rate than hydrogenation with
AL O, causing regressive reactions with the coal. A support mixture of SiO, and AL O, could
be used to balance the hydrogenation and cracking rates to optimize conversion.

Metallic iron shows only an increase of roughly 7-10% in overall conversion
compared to thermal. We are currently preparing FeOOH and FeS, for testing in the
heterogeneous recipes. It is stated in the results below that FeOOH was tested. A nominal
recipe for FeOOH was attempted, but characterization does not indicate the presence of
FeOOH. The recipe must be adjusted further to the inverse micelle technique. FeS,
formation has been completed, but testing is not available yet.

Finally, two different Fe/Al,O, samples are shown in the results below. In the first as
described in the experimental section, a two-step sequential reduction of an Fe salt followed
by hydrolysis and condensation of aluminum alkoxides in a microemulsion forms
nanoparticles in an alumina gel. In the second synthesis technique, nanoparticles and gels are
formed in separate flasks, and the clusters are allowed to diffuse into the gel micropores upon
mixing. Steric entrapment and thermal stability result from controlled drying and structural
collapse of the gel. This latter methodology is currently being developed further.

The above results indicate two important trends (Figure 1). First, overall conversion
increases markedly with platinum. Strong effects on metal type indicate that despite being
embedded in the support the metal is still highly dispersed with respect to the coal. Iron
based materials are far less active than platinum. The second important trend is that ALQO, as
a support consistently shows lower conversion to oil fractions (C7 sols) than thermal runs

despite moderate increases in overall conversion. AlQ, is a far better cracking catalyst than
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SiO, due to surface acidity. We believe that cracking is occurring at a much faster rate than
hydrogenation with Al,O, causing regressive reactions with the coal.

It should be possible to optimize surface acidity to increase overall conversion and
conversion to oil fractions by making supports of SiO, and Al,O, mixtures. In earlier work
(Quarterly Report, 4/97), we described the synthesis of Si0,/AL O, support mixtures. This
quarter we prepared metallic Fe clusters on a 10 wt. % Al,0,/SiO, support. The nanoparticles
and gels were formed in separate flasks, and the clusters were allowed to diffuse into the gel
micropores upon mixing. Steric entrapment and thermal stability resulted from controlled
drying and structural collapse of the gel. This synthesis methodology provides the best
catalyst as noticed from the differences between Fe'/AlL,0, 1 and Fe"/AlL,O, 2 (Figure 1. see
Quarterly Report, 1/98 for details).

Coal liquefaction results indicate the effect of mixing Al,O, and SiO, in the support
did not have the intended effect (Figure 2). Percentage of oil fractions is roughly the same as
with pure SiO, supports and slightly ahead of the thermal result. Overall conversion is down
markedly, however. As shown in last quarters’ results, overall conversion is highly
dependent on metal type. Our leading explanation for this quarter’s result is that the support
acidity is effecting the nature of the metallic Fe composition, but clearly more investigation is

needed.
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