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Orbjective: The objective of this research is to explore the feasibility of using

small metal colloids, in microemulsions, as catalysts. The product of
this work will be a new concept for tailoring highly disperssd
malerials {0 specific catalytic reactions, The knowledze gained from
the pruposed research will be broadly applicable (o variely vt
reactions, including hydroZenation, synthests gas comversion, and
hydrogen conversinn. To achigve this ohjective, A plan has been
formulated Lo prepare and characterize catalyst particles in arganic
sotverts and to explore the use of catalyst particles.

INTRODUCTION

The develnpment of new or improved catalysts is predicated oo the design of new catalytic
maigtials. While maost of the marerials rescarch in catalyst synthesis has concenrrated in
Tecent yeals O micropoTous cryvstalline aluminpsilicates (zeolitgs), it is clear thar gther
mmaterials {elemants and compounds) could aise be produced in kigh surface area forms,
Ihe development of oew synthetic methodolugies for catalytic materials and major efforts
of characterizing the kinegics of their lormation, theit thermodynamic properties, siruclure,
und bunding shoulc lead w inproved underslanding of catalytic matesials and o e
discovery of new materials. In addition, improved actvity of new cutalyde materials for
onval liquefaction and selectivity in cleaving certain C-C bands in model eompounds mey be
senieved in highly dispersed systems.

A micraemnlsion system may be thaught of as a small (~ 100 Angstroms) micellar reaction
vessel in which vaoous chemical rencions {eg. reduciion of a metal) may take place. The
surfactants eomposing the micelles fall intg three general families: nonionie surfactants of
the wpe CH3(CH2); 1 (OCH2CH2HON (hereatter abbreviated CiEj. or the industrial
appellation Brijy, anionic surlactants, {e.p. sodiume-bis{2-ethylhexylisulidsuccinale (cogunon
mame Aerospl-OT, ACYL), zad catiome surfactants (e.g. didodecyldimethylammoniom
kramide, DTJAB).  Early in this project we prepared small highly-dispersed metailic gad,
ptatinum, sidium, palladium, and mixed gold/platinum -:cﬁloidsl by iatroducing toc
anprapriate agqueous sait solutinn into an oil continuous inverse micelle system consisting
of nonionic surfactants in 2 continucus hydrocarbon phase. More recently, we have
prepared irom, irem sulfide, nickel, molvbdenum sulfide, and thodinn collalds from
catignic-based microemmdsions. In these misroemulsion svsuems, the salt compounds go 12
he [aterior af the transparent micellar solulions and swell the micelles, The ability ol [Le
surfactunts to solubilize larpe amounts of waler cuntaining the metallic salt, in the form of
4- {0l nm spherical droptets, has sllowed vs to reduce the metal salis o highly-dispersed
metal colloids nsing zither chemical reduction, thermal decomposition or photochemic:’
devomposition, By controlling the solution microstructure, the kinetics of metal reductinn
and the concentration of metal ions In the micelle, we can cantrol the size and shape of tne
coiloids aver a wide range. The namometzr-sized metal colloids reoresent a watally new
class uf malecals since they are cumposed of 100 - 1000 atom costers. Sach materialg

41T




while having the potential for a variely of valuable applications? also are in the size-re gime
of certain model compounds and the three-dimensional Structore of pituminons coal. In
this paper, we will discuss the use of inverse micelles to solyhjllze significant quantities of
mctal compounds in hydracarbon solvents and their reductinm, decomposition, &nd
sulfidation o give colloidal caralytic materizls. We will also discuss in detoi] the
characterization of these materials, present preliminary results for the catalylic
bydrepyrolysis of eoals, and discuss Uhe results of our evaluation of selected metul colloids
i21 catalytic hydrogenation of pyrene.

EXPERIMENTAL PROCEDURES
General

All manipulations invelvin the use of air /moisture-sensitive reagents such as lithium
borahydride (LiBH4) in orpanic solvents were performed in septum-sealed plass vials
(typical volume 25 mL). Undried reagent Era e solvents such as tetrahydrofuran any
loluene were used. These solvents were Tiltered through a 0.2p filter prior to use,
Chemical reduction techniques were performed using modified Schlenk-line techniques.
For thermal decomposition of metal compounds in micelles, the micellar solutiors WETE
immersed in an oil bath malntained slightly ahove the decnmposition temperature? of the
respective metal compound, The decomposition process was monitored until no further
optical changes and particle size growth could be observed. Photochemica] decomposilion
reactious were performed at ambicnt gy irradiating the mmicellar salt solutions far short
limes (~ 1 min.) with a 350 nm pulsed laser light source {Argon Ion CW laser, 1/2 W
power). The photochemical reaction process was similarly manitored by UV-visible und
Light scattering techniques.

Preparation of Metal Colloids

The preparaiion of iron metal callaids using the DDAB/toluene system inverse micelle will
be described. Similar preparative procedures were usced for other metal colluids. Initially,
a 5-10% wt% selution of DDAR was prepared in toluene. Static and dynamic light
scattering (DLS), or small angle neutron scattering gﬁﬂNS} can be used to demonstrate
that this system produces the smallest micelles of all the available surfacrant types.
Transmission electron micraoscopy (1EM) confirms that nangmeter-sized colloids ars
produced from these micelles. e surfactant concentrations are choszen ta be uhove e
critical micelle concentration {CMC). A CMC is defined as the concentralivn at which
micelles first form. The iron~c-:mtaining salt, FeClz, was added directly with stirring at
ambient for the desired metal gﬂnccntmtmn. In this project, we have typically varicd the
concentratian between 1x1072 and 0.05 M. The sample was then purged for several
minutes with argon. Several methods of reduction are applicable, the pptimal vpe
depending on the particular metal and solvent/surfactant system chosen. In the case of
irem, either solid NuBHg or LiBH4 reducing agents were used. Aqueous-based NaBH4 or
organic-based LiBHs may also be used. The latter reducing aFent gave faster rcachions

and smaller final colloid size hecause of the increased solubi ity in the oil-cantinuous
phase,

Preparation of Metal Sulfide Colloids

Most metal sulfides are prepared by the reaction of a presviously formed metal salt in an
uverse micelle sysiem with cither aqueous Nap§ or 1128, Thus when Fe(ClO4)s in the
C12E% micelle systcm was reacted with 1.0 M Li»S, colloidal FeSy (x=1-2) was obtained,
Only nonionie surfactants were used because of the nece sity to solubilize significant
amounts of water during the process. Two equivalents of $-2 were required for complete
reaction indicating that colloidal FeS was likely formed,
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Catalytic Hydrogenation of Pyrene

Batch reactions were performed in stainless steel micrereactors®, equipped with
ihermncouples and pressure iransducers. Pyrene and n-hexadecane, an inert solvent [o-
pyrene, were used as received from Aldrich Chemical Co. For hydrogenalions inm]vinﬁ
precious metal-containing catalysts sulfur-free pyretie was nscd. The reactors were charge
wills 1000 mg of hexadceane, 100 mg of pyrene, and 300 mg of catalyst solution. Based vn
the concentralion of metal salls in the inverse micelle and assuming 1005 reaction 1o
colloid, the amount of metal colinid in 500 mg of catalyst sulution is typically less than 1
mg, After the reactors were charged with the reactants and catalyst, théy were pressurized
with hydrogen and heated to temperature (100°Cy (heat-up time ~ 1 min.) in & fluidized
cand bath while heing shaken horlzontally al 16U eycles/min. Temperature and pressure
were recorded with a digital data acquisition system during the course of the experiment.
Following the healing period, the reactor vessels were guenched {quench time ~10 s2¢.) 10
ambient temperature, and the products were remoeved. The products were washed from
the reactor with toluene, filtered to remove the catalyst and transferred to a volumetnc
flask. Tollpwing the addition of an internal slandurd (2-methyl naphthaiene), the product
solution was hraught 10 50 mL and analyzed by capillary GC. An external standard
cunsisting of a solution of the internal standard, pyrene, n-hexadecune and 1,2,3,6,7,5-
hexahydropyrens was used to establish F1D response factors rclative to the internal
standards. The weights of each component ug the product mixture were calculated from
the chromatograph area. Previous wark hiere has shown that at low hydrogen pressutes
{ 140 psi) anﬁT temperature (100°C) various catalysts obey zero-order kinetics for the
hydrogenatian of ]i')frene. Thus, assuming zero-order kinetics, rale constants {r
product/gram ¢atalyst-sec) for each catalyst studied were caleulated. Tt should be
mentioned that the weight of catalyst used in these caleulations is bascd on the ahove
discussed assumptions.

(atalytic Hydropyrelysis of Coal

The palladium collnids used for catalytic hydropyrolysis testing were prepared as described
ahove (0 toluene and octane. These colloids dispersed in octane used the noniomic
surfactant, C12Es, while another colloid sam le included the amionic surfactant AOQT. All
palladium colloids prepared in toluene had DAB as the surfuclant. Groond (-100 mesh}
Herrin Burning Star No. 2, a U.S. bituminous coal, was watted with the colloidal palladium
i the desired concentrations and vacuum dried at 90-1107C priar to testing. The weight of
the coal prior to wetting with the solution and after vacuum rying was compares to ensure
that the solvent and surfactant was satisfactorily minimized. Solvent sweliing studies were
performed on the Herrin Burning Star coal with toluene and octane to determine if pore
structure changes occurred.

Fised-bed Hydropyrolysis Test Procedure

Fixed-bed llﬁdr{}p}fmwsis sests were conducted in an apparatus similar 1o that described by
Snape, et alb. A temperature of 320°C and a pressure of 150 bar of hydrogen was chosen.
These operating conditions were shown reviously in tests on a UK. bituminous enal 10
maximize tar yield with sulfided Mo catall;rstFﬂ". Approximately five prams of 63°C vacuum
dried coal was mixed with 10z of sand in a reactor tube, which was resistively heated at
5°C/sec. Gas from the reactor was analyzed for C1-C4 hydrocarbans, ©0, and COo. After
each experiment, char and ash remaining in the reactor tube were remaved and weighed.
The daf coal basis yleld of tac far each cxperiment was calculated as the weight of material
recovered in the system cold trap less the weight of water produced, divided by the imitial
daf coal weight.
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RESULTS AND DISCUSSION

Inverse micelles are distinguished from inverse microemulsions by the absence of water in
the former system. Both systems consist of surfactant aggregates (micelles) with the
hydrophobic tail groups facing an oil-continuous (organic solvent) medium. For the
preparation of inverse micelles, a solution consisting of the surfactant in an organic solvent
is first made. Typical concentrations of surfactant are 0.05 M to 0.2 M. The exact choice of
surfactant will depend on a number of factors, among them, the type of organic solvent
being used, the desired metal particle size and the required concentration of metal salt in
the inverse micelle. Metal salt concentrations up to 0.05 M may be obtained while
retaining homogeneous and transparent solutions when the appropriate choice of
surfactant is made. From numerous experiments, we have determined that the surfactants
achieve size control primarily through intermicellar interactions, i.e, their phase behavior,
An observed disadvantage, therefore, of nonionic surfactants is that colloids formed in a
given solvent (e.g. octane) cannot be diluted into a different solvent without aggregation.
For use as dispersed catalysts, this aggregation is undesirable since it reduces the available
catalyst surface area. Thus, we looked for a surfactant system whose stabilization
properties were superior. Since stabilization of colloids oceurs through steric and/or
electronic repulsions between colloidal surfaces, we selected a charged surfactant with two
long chain hydrocarbon hydrophobic groups. This cationic surfactant, DDAB, formed
stable clear inverse micelles in toluene. While DDAB is only sparingly soluble in saturated
hydrocarbons, it shares with the nonionic family of surfactants the ability to directly
solubilize large amounts (0.01 M to 0.05 M, de ending on the salt type) of metal salts.
Once the phase behavior of for a given metal salt/surfactant/solvent system is understood,
the growth and size properties of of the final colloid are highly reproducible and
predictable.

Control of Colloid Size via the Reducing Agent

The growth of metal colloids in inverse micelles or microemulsions is achieved by either
chemical reduction, thermal decomposition, photochemical decomposition or sulfidation of
the metal compounds. Initial studiesl using chemical reducing agents utilized aqueous
solutions and pure hydrazine and sodium borohydride stabilized in water by NaOH.
Approximately stoichiometric amounts of reducing agent were used to reduce the metal
salts to elemental metal. Rapid stirring was required during the addition of reducing agent.
It was determined that the small size of the DDAB inverse micelles could not allow
adequate solubilization of the reducing agent leading to much slower reduction reactions
than had been observed in the corresponding nonionic micelle system. To improve this
reaction rate and decrease the resultant particle size, four types of reducing agents were
tested, LiBH4(solid), NaBH4(solid), KH(oil slurry), and LiAlH4(solid). In each case the,
the reaction used no water with the reducing agent. It was found that NaBH4 decreased
the final size of Pd colloids to ~2.5 nm and increased the reduction rate considerably.
LiBHg4 was even better, reducing the size to 1.4-1.6 nm, with no larger particles observed.
We attribute at least some of this size reduction to improved solubilization of the reducing
agent in the micelles. This increases the initial nucleation rate, the number of small,
critically sized nucleii, and the final colloid size. Both KH and LiAlH4 produced extremely
slow reactions and thus were deemed unsatisfactory. This cannot be explained by their

oor reducing strength (KH is a very strong reducing agent) but rather their failure to mix
into the micelles effectively. To increase the solubilization of the reducing agents,
commercially available lithium and sedium-based boro- and aluminum hydrides in
tetrahydrofuran or triglyme (triethylene glycol dimethyl ether) were used. These organic
solvent-based reducing agents gave small metal colloids in a much shorter time. For
example, using solid LiBH4, the reduction process required times in excess of an hour
while with LiBH4 in THF only ca. 30 seconds was required. Thus using the latter reducing
agent considerably reduced the time required to form metal particles. We have used
principally 2.0M lithium borohydride in tetrahydrofuran to reduce the metal salts in the
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Jmeellar solutians. However, in one reaction (Pd#22, Tabie 1), 2,0M sodium borohydride
in triglvme was also used. Consistent with our expactations, we have been able 1o produce
smalfﬁ 4-18 nm) Pd particles vsing LiBH4. Table 1 shows thar, in general, we have not
heen abte (o obtain comparable small particles in the amivnie surfactants AOT and the
noniimic surfactant Brij3d.

Formation of Fes Particles

FeS particles were prepared by the addition of agueuus solutions of ¢ither lithium sulfide
o7 sodium sulfide 1o a nonionic inverse micelie sysiem [C12Es{10%) foctane,Fe(ClOa)2}
Ihe use of a nonionic surfactant was required becuuse of the agueous-hased sulfiding
reagent {Li75). Similar to experiments where scparate inverse micelles of the salt ano
sulliding agent were reacted, 3.2 nm preen colloi al particles were oblained. 'Lhe cxact
crystal structure and chemnical cnm?usitiuu of this colloid is presently nnknown but we are
a‘ltempting to analyze them by analytical TEM. We have performed UY-wis spectruscopy
on the FeS colluids and its salt precarsoe, ig the unsullidea micelle. The optical spectra of
the calloid wes vastly different from the precurset and exhibited electronic absorption
bunds at 430, 530 and 630 nm®. Unlike bulk FeS which is a black unreactive opaque solid,
lhese green colored suSpensions were quite pxygen sensitive and could be reverted (v
abservation of & color change) to thejr vriginal oxidation state if exposed for short time
periods te air. This high chermical Teactivity suggests that there an extremely large
percentage of atoms with coordinative unsaturation at the surface sites in these small metal
particles which could lead wo high catalytic aciivity. DLS measurements have established
that Fa% can be diluted by ether solvents with the retention of the particle size provided
cral stabilizers such us ¢yelohexyl mercaptan or adamantane merca tan are Present.
Interestingly, DDA was found to be just as elfective in stabilizing the colloids as the

mercaplans.
Formation of MoS2 Pariicles

We have nsed a surfactant/acetonitrile system to thermally decompuse molybdenum
aualate in the presence of sodium sulfide and hydrazine. In addition to DDAB (1%} and
tridodecylmelhylammonium chloride (TDAC, 10%), eth}rlhexglammnnium bromide (105%)
curfactants were used to prepare MoS7 colloids, Insteud of being opague, clear solutions
of these 1 - 3 nm ecolivids vary in color from blue to light yellew. Carrespondingly, the
optical spectra of these colloids were found to he blue shifted indicating an increase in the
bandgap from that normally observed in bulk MoS3.

Effcet of Precursor Salt Type

A variety of metal salts (precursor salts} were laoked at in our study. In the P'd system, we
investigated three precursor salt types, Pd5Qy4, PdCly, and NasPdClg, In the h system,
twa salt types were investigated, RhECly and Na%Rhlej. Wwhile in the case of iron, we
exumined FeCly, FeClp, and FeBr3. For Pd, we found from TEM and DLS analysis that
{ne number average size of colloids fnrmed, using NaBHj4 as the reducing agent, increased
slightly in the order Pd304 < PdCir< NaaPdCl4. The biggest difference was that the
‘mverse micelle system with the PdSO4 precursor was monodispersed, but the ather two
syslems showed increased amoutlis of polydispersity, with some significantly lurge particies
{>30 nm} observed. Thus, the effective surface area per gram of starti materia! was less
with these systems. In the Rh system very gitmilar results were obtained for both starting
complexes, the number average size being 2-3 nm, with no particles larger that 20 nim
ahserved in either case. We note for comparisen that Rh colloids produced 1n the nonionie
system, C12E5foctane, were fairlgi' monndispersed but about 20-25 nm in size. Finally, in
lil';e iron syster the smallest colloids were obtained from FeCls, with both Ye(ll2 and
FeBr3 beibg both larger in average size and more polydispersed.” Similar to the size and
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stability already achieved in the Pd, Ni, NiB, and Rh systems in DDAB/toluene, the iron
system has also been optimized to obtain the desired 3-5 nm colloids.

Control of Size via Metal Precursor Salt/Surfactant Ratio

We performed two experimental series in the Pd system using the precursor salt PdCl2 and
NaBHy as the reducing agent to test the effect of different initial salt concentration on the
final colloid size . In similar experiments with nonionic surfactants we found that addition
of large amounts of salt altered the intermicellar attractive interactions, often producing
unfavorable final size distributions in the resulting colloid populations at high (e.g.> 0.01
M) salt concentrations. Both salt and temperature have a much less profound etgfects on
cationic micelle systems, so we expected that these nascent phase separation effects could
be obviated in the DDAB systems. In the first experimental series we confirmed this
expectation and we actually tyound larger sized, more polydisperse Pd colloids at low salt
concentrations than at high ones. In the second series we held the precursor salt
concentration constant while varying the surfactant concentration between 1 and 10 wt%.
We discovered that the relevant variable controlling the mean size was the metal to
surfactant ratio. Colloid sizes between 2 nm and 20 nm were produced, but improvements
in size distribution control at the high end (low salt concentration) are still needed. This
method looks encouraging for future attempts to control final catalyst particle size. One
goal for this work is to provide a means to systematically investigate the effect of particle
size on catalyst activity. '

Use of Phase Behavior to Extract Ion Byproducts and Excess Surfactant

When the Pd metal precursor salt is reduced, the ionic byproducts, being insoluble in the
organic phase, remain in the micelle interior. In the case of DDAB, some of this bulk
surfactant which contains the ionic species can be precipitated out of solution by addition
of a non-solvent for the surfactant, (e.g. hexadecane) or a highly polar solvent such as
water. With water a three phase emulsion system is formed with the hydrophobic Pd
colloids remaining in the u per toluene phase. The middle phase contains a mixture of
surfactant, oil, and water, while the bottom is a water phase with the excess surfactant and
ionic byproducts. The upper phase which contains the purified Pd colloid can be removed,
dried and used as a dispersed catalyst. Potentially, the surfactant could also be recycled by
recrystallization. TEM measurements indicate that the colloids retain their small initial
size during this extraction process. We have found it extremely difficult to precipitate these
colloids from solution, so it appears the DDAB is strongly bound to the sur?ace.

Characterization of Colloids

The characterization of colloids prepared in the inverse micelle system has turned out to be
a rather challenging task. This is especially true for colloids in the 1-2 nm size range.
While in-situ measurements such as DLS and SANS have provided valuable information
concerning the size, shape, and size distribution, ex-situ techniques such as as x-ray
diffraction and high resolution TEM have provided limited data. This is not unexpected
considering that particles in this size regime and preparative conditions (presence of
surfactants) may be approaching the limits of these techniques. For these reasons, we have
relied mainly on static and dynamic light scattering for size information in the prepared
materials. TEM measurements have been used to confirm the values of colloid size
obtained from the light scattering studies. Table 1 provides a summary of selected colloid
preparations together with some of their properties. Concentrating on the iron samples in
Table 1, it can be seen that iron colloids mostly in the 1.4-20 nm range were obtained from
both cationic and nonionic surfactants. Values for molecular weights were derived from
the intensity data of the respective light scattering experiments. The cluster size for the Fe
colloids in this size range appears to be 26 to ~3460 Fe atoms. In view of the known high
chemical reactivity of finely divided iron, it is not surprising that these colloidal solutions,
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contzining mueh smaller iron, exhibited high reactivity. Typically, solutions farmed with
colloidal size greater than ~2.5 nm were black in color and are opague Lo visible light.
However, when prepared in an inverse micelle systern wilh an extremely strongly hound
surfactant (e.g. DDAB), these initially yellow solutions turn completely clear, As Table !
illustrates, bath the type of metal salt used and the type of reducing agent influences the
Fina! colloid size. However, the largest effect oceurs on chunging surfactant from cutonic
to nonionic (.. compare Fe#10 with Fe#6), Altempts o characterize the Fe colloids
fram inverse micelles by x-ray techniques have heen unsuccessful. However, bulk powder
diffraction on powders forined from Jarger colloids indicate crystallinity but the erystal
structure cannat be indexed directly lo bulk Fe, Fe2Q13 or Feb structure. Initial electron
diffraction studies on Fe colloids prepared without the use of surfactants, have suggested -
Fe as the main phase in these >200 nm particles. Further studies concerning the type of
metat present in the colloids are required. We have alse atlempted to characterize the our
collojds using traditional UV-vis spectroscopic techniques. We have abserved that
depending on the meal colloid and its size, ahsorption bands are obgerved in the visible
reginn of the spectrum, The wavelength of maximurm abserbance (Amax). where observed,
is shown in Table 1. The origin of these bands is not understood presently. However, if
these spectral features arc rclated 1o colloid size, we have an alternative mathod for
characterizing the colloids.

Table 1. Colloid Preparations and Properties

Sample  Surfactant 0il Salt Reduging Amax Sizel MWZ

Apent (nm) (nm} [au.)
Pd#21  DDAB{6%) toluene PdSO4 LiBH4/THF 347 143 4,560
Pd#22  DDAB{6%) toluene PdS0q NuBH3/TRIG346 133 26,900
Pd#35  DDAB(10%) toluene Pd{NOz)z  LiAlH4/THF 350 151 8,000

Pd#dl AQTO0% octane  Pd(NO3)2 LiBH4/THF none 12 20,000
Pd+#24 AQT(10% tolnene  PA{NO3}2 LiBH4/THF nome >30 106,000
PA#34  Brij30(109) decane Pd(NO3)2  LiBH4/THF none 121 14,000
Fe#b6 C12E5 octane  FeCl3 NaHy nm. 20 154000
Fe#19 CHESEN%% actane Fr:EClU4 5 LiBH4/THF nm. 2.1

Pd#35% AD’T(IU%% toluene Pd(NO3)2 LiBH4/1HF none 25 80,000

FeS #21  13BE5{10%) octane Fe(ClQ4)2  Lip5/H20»  na. 32
Fe#3 DOAB{(1095) toluene Fe(ClO4)2  LiAl nm 29 1190
Fe#10 DDABE]U% toluene  FeCl3(0.01M) LiBH4 clear 14
Fe#27 DDAB(10%2) toluene Fell3 ﬂ.ﬂlM; LiRH4/THF nm. 24 154
Fe#28 DDAEEI%) toluene  FeCl3(0.001) NaBH4/H20 nm. 14 1490
Co#5  DDAB(10%) toluene CoCh(0.01M) LiBllg/THF 700 44 10300
MoOo#y Cy2E &lﬂ%} pctane  MopO2Bro N2H4 nane 9.5
MoOr#13 DDAB(10%) tnluene  MoO2Br2 LiBH4/THF none 20 1750
MoS2#3 DDAB(10%%) toluene MoO2Bry decomp, nm 34
Rh#9 DDAE{10%) toluene RhCl3 LiBH4/THF nm. 2.6
Rh#15  DDAB(10%%) toluene RICl3 LiBH4/THF nm 16 24300
Sn#14 NDAB(10%) toluene SnEra(0.01M) LiBH4/TTIF nm. 63

Imumber average from TEM
Zrefative weight average molecular weight from light scattering

Jestimated size based on light scattering, TEM results nat yet analyzed
Hydropyrolysis of Coal
Preliminary resnlts with the Herrin Burning Stur coal indicate thal this ¢oal can be

satisfactorily tested in a fixed-bed hydroPyrﬂlygis reactor. s free—swelling-indes is less than
2, thereby avoiding problems with coal swelling i the reactor tube. The coal, an lltinois
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bituminous coal, also shows large differences in conversion and tar yield between catalyzed
and uncatalyzed hydropyrolysis. Pd colloid catalysts were tested because their small nm

size suggested the potential for uniform dispersion and also high activity at low
concentrations.

A summary of results performed on the Herrin Burning Star coal and incorporating both
the metal hydrous titanium oxide and highly dispersed catalysts is provided in Table 2. The
molybdenum disulfide catalyst, run as a basel)ine to compare the results from the other
catalysts, performs well as expected at a concentration of 1% by weight of active metal.
The Pd metal colloids were prepared in toluene and octane. It was found that toluene
swells the coal slightly (swelling ratio of 1.1 relative to original coal) while the octane did
not measurably swell the coal. Tests on control samples of the Herrin Burning Star coal
that were wetted with the toluene or octane solvents showed no significant difference in
yield relative to the untreated coal. The Pd particles formed in the octane solution were 1.2
nm in size while those in toluene ranged in size from 1.9 to 12 nm. Control samples of
Herrin Burning Star treated with the two solvents and the surfactant achieved yields similar
to the coal with no pretreatment, indicating that the solvent and surfactant did not affect
the hydropyrolysis process. The results in Table 2 show that the colloidal Pd catalysts do
signiticantly increase conversion and tar yield, even at concentrations less than 0.1% (by
weight of Pd). There appears to be no difference between using the toluene and octane
solvents; solvents that significantly swell the coal structure might enhance the metal colloid
dispersion. Additionalf , comparable results are obtained with the nanometer-sized Pd
colloids and the Pd-HTO catalysts.

Table2.  Summary of Catalytic Hydropyrolysis Results on Herrin Burning Star Coal

No. 2
Treatment Nominal Active Metal Conversion (%) Tar Ci1-C4
Concentration (%) Yield (%) Gases (%)
Initial Herrin Burning None 351 38.3 11.2
Star Coal
MoS> 1 80.4 64.1 11.1
Pd-HTO 0.09 80.5 65.1 11.7
Pd-HTO 0.07 78.1 62.6 12.6
Pd-HTO 0.02 79.0 66.3 11.8
Pd-HTO 0.01 76.5 59.3 11.1
Pd-HTO 0.005 71.8 56.0 13.2
Toluene None 52.0 38.1 8.5
Octane None 55.2 43.7 8.9
Pd colloids in toluene 0.09 78.9 63.0 10.4
Pd colloids in toluene 0.02 68.6 51.2 93
Pd colloids in toluene 0.004 57.0 432 13.82
Pd colloids in octane 0.08 77.7 61b 9.4
Pd colloids in octane 0.02 59.6 50.7¢ 13.6a
Pd colloids in octane 0.004 49.7 36.3 13.62

aHigher gas yield possibly due to slower heating rate in these 3 runs.
bWater could not be determined accurately.
CTotal liquid yield including water.
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Hydrngenation of Pyrene

We are developing a series of Teliable tests to evaluate the prepared ealluids for catalytic
activity und selectivity. Most of our studics to date have involved the evaluation of Lhe
metal and metal sulfide colloids as hyd¢rogenation catalysts. As a madel reaction, the
hydrogenation of pyrene at moderale lemperatures and pressures was stuclied for direct
comparison with other successful Sandia and commercial catalysts. Since an essential
reaction during coal liquefaction is the cleavage of covalent bonds, we have selected
another model reaction, the hydropyrolysis of 4-(1-NaphthylmethyDhibenzyl” to test the
selectivity of our colloids. Because these studics have just recently been initizted, we will
not discuss any resubts here but will review our catalytie %ydrngenatmn of pyrene,

Early experiments with Pd colloids prepared in vctane or hexane using the nonionic
surfactant C12E§ were frustrated by agglomeration of the Pd colloids at ¢levated
temperatures. Ihe use a more strangly binding cationic surfactanl, DDAB, in toluene or
hexadecane solution eliminated this problem. Additionally, using the latter
surfactant/solvent combination permitted the preparation of Pd colloids with smazller
avcrage sizes (typically 1.4 to 15 nm), In order to develop an understanding of the effects
of colloid size, method of preparation and metal /surfactant cnmposition as well as the
effect of Temoval of excess surfactant, the palladium system was used as a madel system.
These model studies with Pd guided the develoﬁmﬂnt of other catalylically active metals
such as Fe, Mo, Co and Ni. Initial results on the hydrogenation of (E)}’TEIIE at 100°C and 100
psi Ha pressures, showed an increase in relative activity with decreasing particle size.
Furthermore, it was observed that the removal of excess surfactant from 5 nm Pd colleids
brought about nearly the doubling of the catalytic activity. The latter effeet, while not
totally unexpected, pointed to the catalyst deactivation by surfactant. Subsequently, we
assessed the extent of Pd catalyst deactivation by testing Pd-HTO prepared by others at
SNL for pyrene hydrogenation with and without added DDAB. In the presence of DDAB
(10% w/w), the Pd HTO catalyst was nearly seven times less active than the same catalyst
without DDAR present. A comparison of the Pd HTO activity in the presence of DD
with dispersed Pd colloid catalyst at the same DDAB concentration (18%) shows that the
1ITO catalyst is approximately 18 times as active. The smaller Pd particle size in the Pd
HTO catalyst likely accounts for the difference in activity,. These results sirongly suggest
that surfactant removal strategies need to be developed for the digpersed catalyst particles
in prder to improve their actwiri{. Such strategies would invelve the displacement of the
surfactant molecules in the micelle with "eapping” species. Cappinﬁ reagents such as Pdly
(I.= a suitable igand} could be used in the Pd system. In metal sulfide systemns ar for those
metal colloids where the catalytically active species is a sulfide, sulfur containing
compounds such as adamantane mercaptan, ¢yclohexyl mercaptan or
irimethylsilylthiobenzene migh! be used to cap the formed collaids.

In view of the relative low cost of iron catalysts compared to precious metal catalysts, we
have carried out a number of reactions to obtain Fe colloids, From the knowledge gained
studying Pd colloids, we were able to use nearly identical soivent/surfactant sysiems and
similar chemmistries to obtain 1.4-20 nm Fe colioids as shown in Table 1 above. Although
iron or its compounds are known not to have catalytic hydrogenation activity, we wanted to
evalnate our nm-sized matedals for pyrene hydrogenation activity. This motivation was
based on the literature supported indications that metal clusters on the size scale of ~40
atoms have diffcrent properties than bulk materials, For ihe Fe, FeSy and MoSy collaids
gbtained, the catalytic pyrene hydrogenations were carried out using more aggressive
reactiun conditions of temperature and hydrogen pressure. Most reactions were performed
a1 300°C and 500 psi Hy pressure. The results of these studics are given in Table 3, As can
be seen, both Fe and FeSy collvids have rather low activities. It is interesting, however,
that the FeS, samples appear to be mare active than the Pd colloid samples. Furthermare,
even the FeSy samples appear to have somewhal greater activity than the Fe colloids.
However, in view of the low activities obtained for all these colloids, we will coneentrate on
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evaluating the catalytic hydropyrolysis reactions of the Fe colloids on the model compound
4-(1-naphthylmethyl)bibenzyl using both "capped" and uncapped colloids.

Table 3.  Pyrene Hydrogenation Results with Selected Colloids

Sample Surfactant  Qil Salt Reducing Size Activity
Agent (nm) ro of cat.-sec)

Pd#20 ~ DDAB  Toluene PdSO4 LiBHg4 n.a. 2.55x10-5

Pd#20X4 DDAB Toluene PdSO4 LiBHy4 n.a. 1.25x10-4

Fe#24 DDAB Toluene FeClz  LiBH4/THF 25 9.31x10-4

Fe#31 DDAB Toluene FeCl3  LiBH4/THF 2.4 4.97x10-3

FeS2#10 DDAB Toluene FeCl3  LiBH4 1.23 2.64x10-3

FeS2 DDAB Toluene FeCl3  LiBH4 1.23 2.49x10-3

MoS22  DDAB CH3CN Mo oxal. Thermal/Na$7 n.a. 1.5

1 Solid reducing agent

2 Carbon disulfide sulfiding agent added to reactor prior to hydrogenation

3 Pre-sulfided value

4 Twice extracted with water

CONCLUSIONS

We have demonstrated that chemical or photochemical reduction of various metal
compounds in oil-continuous (organic solvent-based) inverse micelles leads to the
formation of small, 1 - 100 nm, highly-dispersed colloids. Controlled growth and
aggregation of the metal and metal su{fide colloids in inverse micelles results in the
formation of nm-sized particles having narrow size distribution. Control of the colloid size
was achieved by variation of the surfactant-to-metal-surface binding. The latter effect is
important in preventing increases in colloid size through further aggregation of the metal
colloids. When selected metal colloids such as molybdenum and iron were subsequently
reacted with sulphiding agents, the respective highly dispersed metal sulphide colloids in
organic solvents were obtained. Initial results for catalytic hydropyrolysis using these
materials, show that even at low concentrations of active metal, high yields of liquid
products can be obtained. In addition, since we have shown that nm-sized colloids can be
prepared in various organic solvents, increased dispersion processes leading to higher
conversions in coal may be possible. While catalytic hydrogenation of pyrene have been
less satisfactory, we will concentrate on the evaluation of these materials in the catalytic
hydropyrolysis of the model compounds, 4-(1-naphthylmethyl)bibenzyl. Furthermore, with
the achievement of nm-sized "capped” colloids, it may be possible to re-evaluate the
hydrogenation activities of the various metal colloids.

FUTURE PLANS

There are a large number of potential catalytic applications for highly dispersed
metal/metal sulfide colloids. Among these are coal dpreconversion and solubilization,
hydrogenation, hydrogenolysis, hydrodesulfurization and hydrodenitrogenation. After our
evaluation of hydrogenolysis and hydrogenation activity, we will proceed with the following
program elements: 1) Development of more effective methods of colloid preparation and
characterization, 2) Development of reliable tests for the evaluation of hydropyrolysis and
hydrogenation activity, 3) Preparation and testing of mixed-metal, metal-on-metal oxides
microemulsions (e.g. Ni-Mo, Rh-on-SnO3), and ultra-dispersed (e.g. very small Rh-on-
larger Fe partic]es%, 4) Study of catalyst activation, including presulfidation of metal
microemulsions, 5) Use of computer-aided molecular modeling to design micelles for
controlled catalytic reactions, 6) Reactions with coal and coal-derived solvents to evaluate
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use of microemulsions for the solubilization of coul and 7) Evaluation of the most active
catalysts in a flow microreactor system.
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