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1.0 EXECUTIVESUMMARY

The investigationof methods for the productionand testing of iron-
pillaredclay catalystswas continuedin this quarter. Answerswere obtainedto
severalquestionsthatwere raisedas a resultof work in the firstquarter. The
first of these concernedthe differencein compositionand catalyticactivityof
catalystspreparedfrom the fine and larger particlesof the iron-intercalated
clay. Previouslythe fine particleshad considerablehematitecontent,and the
sulfidedcatalystpreparedfromthe fine particleshad a much lower activityin
hydrocrackingtests. A newmethodwas used for preparationof the fine particles
of triiron acetate-intercalatedmontmorillonite. The exchanged clays were
collected as rapidly as possible and calcined to gener,_teiron-pillared
montmorillonites. In this case, X-ray diffractionshowed that the calcined
catalyst from the fine particlehad a much smalleramount of hematitethan the
catalyst preparedusing the earliermethod. Thus the compositionof catalysts
from fine and large particlesconsistedmostlyof maghemiteon the clay support.
The hydrocrackingactivitiesof both the sulfidedand nonsulfidediron-pillared
clay catalystspreparedfrom the fines and larger particleswere the same.

A secondquestionwas concernedwith the concentrationof iron introduced
into the clay. Use of a smalleramountof ironmight result in a lower number
of pillars and consequentlyresult in a largermicroporevolume. Exchangeof
one-thirdof the total equivalentsof sodiumby the triironacetatecationrather
than using an excess of the triiron gave a catalyst after calcination and
sulfidation that was as active in hydrocrackingreactionsas the catalyst
prepared with excess triiron complex (large particle fraction). The fine
particlefractionhad a lower activity.

The presence of excess sodium in the catalystbrings up anotherquestion
regarding the possible loss of Bronsted acidic sites due to presence of the
sodium salt. The sodium ions were exchangedout of one of the clays with
ammonium ions followingthe iron-exchange. Calcinationof this precursorgave
a very active catalyst,becauseof thermalloss of ammoniaand generationof the
Bronsted acid sites.

A comparisonof the sulfidedversusnonsulfidedformsof the iron-pillared
clays showedthat the nonsulfidedformshad a much lowerhydrocrackingactivity.
The effect of sulfidation on the acidity of the support is probably not
significant. Althoughthe iron sulfidedoes not activatehydrogenwell enough
for additionto single aromaticrings (benzeneto cyclohexane),it must be able
to activatehydrogen for additionto some intermediatesthat can in turn serve
as effectivehydridedonorsfor reductionof carboniumions in the hydrocracking
cleavage reactions. Thus the synergisticeffect of hydrogen activator and
supportacidityis welldemonstratedby thisexperiment.Retrogradecondensation
reactionsand cokingdid not occur with these catalysts.

In additionto effectivecatalysisof hydrocrackingreactionsat moderate
temperatures,the iron-pillaredclayswere superiorcatalystsfor catalyzingthe
hydrogenationof pyrene. Hydrocrackingof the hydrogenatedpyrenes was not
observed at low temperatures,and hydrocrackingreactions have not yet been
studiedat higher temperatureswith these catalysts.
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PETCis developing coal liquefaction methods utilizing dispersed molybdenum
and iron catalysts formed by addition of the metal cations to coal, followed by
chemical or thermal activation. Dispersed iron sulfides could also be easily
prepared by addition of solutions of ferric salts to clays followed by treatment
with ammonia and/or sulfidation. The resulting catalyst was, however, very
unreactive. These conditions did not give pillared clays, and also did not
generate significant amounts of acidic sites. Although this method maygive iron
sulfides with some activity for hydrogen addition to polynuclear aromatics, it
does not generate the activation catalyst-acidic support interaction needed for
effective hydrocracking. In the effort to improve this method in third quarter,
we are investigating the addition of ferric nitrate and other iron complexes to
acid-pretreated clays.

A general problem with the iron-pillared clays is that the calcination
and/or sulfidation treatments appear to mobilize the iron and generate particles
of the iron oxide and sulfide that are larger than desired for maximum
utilization of the iron. Surface areas are also substantially decreased, owing
to collapse of the layer structure. In the third quarter we are using much lower
concentrations of iron with clays and alumina-pillared clays (discrete mixed
pillared clays) and new methods of pillaring that may give a more effective
particle size for the iron sites and more stable pillared structures.

2.0 GOALS AND OBJECTIVES

The efficientproduction of environmentallyacceptabledistillatefuels
requirescatalystsfor hydrogenationand cleavageof the coal macromoleculesand
removalof oxygen,nitrogen,and sulfurheteroatoms. The goal of the proposed
researchis to developnew catalystsfor the direct liquefactionof coal. This
type of catalyst consists of fine clay particlesthat have been treatedwith
reagentswhich form pillaringstructuresbetweenthe aluminosilicatelayers of
the clay. The pillarsnot only hold the layers apart but also constitutethe
active catalyticsites for hydrogenationof the coal and the solventused in the
liquefaction. The pillaringcatalyticsites are composedof pyrrhotite,which
has been previously demonstratedto be active for coal liquefaction. The
pyrrhotite sites are generated in situ by sulfidingthe correspondingoxyiron
species. The size of the catalystwill be less than 40 nm in order to promote
intimate contact with the coal material. Since the clays and reagents for
pillaring and activating the clays are inexpensive,the catalysts can be
discarded after use, rather than regeneratedby a costly process.

The proposedwork will evaluatemethods for preparingthe fine particle
iron-pillaredclay dispersionsand for activatingthe particlesto generatethe
catalysts. Characterizationstudies of the pillared clays and activated
catalystswill be performed. The effectivenessof the pillaredclay dispersion
for hydrogenationand coal liquefactionwill be determinedin severaltypes of
testing.



3.0 ACCOMPLISHMENTS

,3.1 Introduction

The development and testing of disposable fine particle heterogeneous
catalysts for hydrotreating of coals was continued. These catalysts co,.sist of
sulfided iron clusters intercalated into smectite clays. The smectite clays are
swelling phyllosilicate minerals, commonly found as components of soils and
sediments and often found as large, mineralogically pure deposits (I). These
materials are highly useful in many chemical applications, because of their small
particle size (<2 micrometers) and appreciable surface area for the adsorption
of organic molecules and unique intercalating capabilities. Hence they are used
for supporting microcrystalline or metal cluster catalytic sites. Acid-modified
smectites were used for a number of years as petroleum cracking catalysts in the
Houdry process, giving gasoline in high yields (I). In the mid 1960's they were
replaced by more thermally stable and selective zeolite catalysts.

The advantages of two dimensional chemistry in the interlayer space of the
clay structure have recently been investigated. One of the major themes is the
intercalation of metal complex catalysts between the aluminosilicate layers. An
improvement in catalytic specificity relative to homogeneous solution can be
achieved by mediating the chemical and physical forces acting on interlayer
reactants. The use of large stable cations to pillar the aluminosilicate layers
results in the formation of porous networks analogous to zeolites. In these
pillared clays, intercalation of hydroxylated or complexed metal cations
maintains the clay layer structure after loss of water and generates a large
micropore dimension. These structures are stable up to 450 to 500°C in contrast
to the nonpillared clays which dehydrate and collapse at temperatures over 200°C.
Acid zeolites are more stable at high temperatures; however, their pores are too
narrow to be useful for coal macromolecules. The advantage of the pillared clay
catalyst over the zeolites is that pore size can be controlled and made larger
than those of the zeolites, and hence are more suitable for the adsorption of the
coal macromolecules. Therefore, these pillared clay catalysts may be more
effective in cracking coal macromolecules than the conventional catalysts. The
intent of this work is to discover how to finely disperse the iron sulfide
catalytic sites in the pillaredclay structure.

Work in the second quarter continued the study of preparation methods for
iron-pillared montmorillonites. The sodium form of this clay disperses to an
extremely fine particle size in an aqueous medium with low concentrations of
base. This form is preferred for the metal ion exchange reaction that gives the
intercalated clay, since the clay layers are highly separated in this state and
mass transfer is rapid. At this point the iron metal is highly dispersed as
intercalated polyoxymetal cations. The iron-exchanged clay was subsequently
calcined to form the iron oxide pillars. Weexpected at this point that the iron
would still be highly dispersed as pillars, lt is likely, however, that
calcining affected not only the size of the clay particles, but also the particle
size of the iron clusters within the clay layers. The forms of iron present
after intercalation, calcining and sulfidation need to be better understood. The
relationship between preparation methods, starting materials (clay type and iron
type), initial particle sizes, and resulting catalytic activities will be
determined in subsequent studies.
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3.2 Experimental

3.2.1 Catalyst Preparation

Iron-pillaredclay catalystswere preparedas follows:

3.2.1.1 Purificationof SmectiteClay

Na-montmorillonitefromClaySpur, Wyoming,USA,was purifiedas described
in our previous quarterlyreport (2).

3.2.1.2 Preparationof pillaringreagent

Trinuclear acetato-hydroxo iron(III) nitrate, [Fe3(OCOCH3)7OH.2H20]NO3 was
prepared according to the method reported by Yamanaka et al. (3). Detailed
procedure has been described in the previous quarterly report (2).

3.2.1.3 Exchange/Pillaring Reactions

High triiron acetate concentration

Na-montmorillonite was exchanged with a solution containing a large excess
of trinuclear acetato-hydroxo iron(lll) nitrate in the manner described in the
previous quarterly report, but the isolation of the intercalated clay was changed
to give a more rapid collection of the fine particles. The exchanged clay was
centrifuged at 3000 rpm speed for 15 minutes to separate larger particles. The
collected large particles were washed with water several times, dried in vacuo
at 50°C, and calcined at 350°C for 6 hours to give the large particle excess iron
pillared clay (LEIPC). The supernatant liquid was quickly centrifuged at 15000
rpm speed. The residue of fine particle intercalated clay was washed with water
several times, dried in vacuo at 50°C, and calcined at 350°C for 6 hours to give
the fine particle excess iron pillared clay (FEIPC). Both iron-pillared clays
were ground to -200 mesh.

Low tri iron acetate concentration

Na-montmorillonite was also exchanged with I/3 of the equivalents of
triiron complex required for complete exchange (80/3 milliequivalents/lO0 g).
Ali the triiron complex was taken up by the clay. The resulting product was
centrifuged at 3000 rpm. The residue was washed with water several times, and
dried by evacuation at 50°C (30% yield). This iron-intercalated clay was
calcined at 350°C for 6 hours, and ground to -200 mesh. The resulting product
was brown in color and will be referred as L.31PC (large particle iron-pillared
clay). The filtrate and washings were divided into two parts. One part was
centrifuged at 15000 rpm and washed with water several times, and dried by
evacuation at 50°C, and calcined at 350°C. The resulting product was brown as
before and will be referred as F.31PC (fine particle iron-pillared clay).



Low sodium concentration

To the second portion of the fines, 50 ml of 0.1 M ammoniumnitrate was added and
stirred for 30 minutes. The resulting slurry was centrifuged at 15000 rpm. The
residue was washed with water several times, dried in vacuo at 50°C, and calcined
at 350°Cfor 6 hours. The ammoniumnitrate-exchanged fine particle iron-pillared
clay (AF.31PC) was ground to -200 mesh.

Ferric ion exchanged clay

Iron hydroxy oxide was supported on Na-montmorillonite according to the
method of Cugini and co-workers (4). A suspension of 2 g of sodium
montmorillonite in 200 ml deionized water was placed in a 500 ml two necked round
bottomed flask. To this suspension, a solution of 0.4 g of iron(lll) nitrate
nonahydrate dissolved in 16 ml water was added with vigorous stirring. To the
above slurry, a solution of 8 g of ammoniumhydroxide (29% ammonia) dissolved in
80 ml deionized water, and stirred for 30 minutes. The solid was separated by
high speed (15,000 rpm) centrifugation. The residue was washed with deionized
water several times, dried in vacuo at 50°C, and calcined in air at 350% for 6
hours. The solid ground to -200 is referred to as SMFeOOH. The catalyst was
sulfided at 275 and 400°C for 2 hours in 1000 psig of H_S and H2 (]0% H2S).

3.2.1.4 Sulfidation of Triiron Acetate-lntercalated Clays

The desired catalyst was placed in a 10 ml. microreactor or 70 ml
Parr reactor. The reactor was evacuated, pressurized with I00 psi of H2Sand 900
psi of H_, and placed in a rocking heater preheated to 400°C. The heating was
continued for 2 hours. The reactor was then cooled to room temperature,
degassed, and the sulfided catalyst was stored in air tight ampules.

3.2.2 Analytical procedures and Instrumentation

Quantitative GC/FID analyses were performed with a Hewlett Packard 5880A
gas chromatograph equipped a Petrocol capillary column. A mixture of 2,2,4-
trimethylpentane and n-octadecane was the internal standard. GC/FTIR/MS was
performed on a Finnigan 800 ITD ion trap detector with a HP 5890A gas
chromatograph and a J&W30-m x O.32-mm (ID), 1.0-micron film of DB-5.

For X-ray powder diffraction (XRD) analysis, the pillared clay is ground
with water and smeared onto a single crystal, "zero"-background, quartz plate to
obtain an oriented specimen so as to give intense 001 basal reflections.
Diffraction data are collected in 0.02 ° steps for one second dwell time using a
Philips automated diffractometer equipped with a copper tube, theta-compensating
slit, graphite diffracted beam monochromator, and scintillation detector.
Software programs supplied by Materials Data Incorporated are used for data
collection, data reduction, and phase identification.

Total sulfur analysis was done with a LECOmodel 532 sulfur analyzer using
the ASTM D1551 method. Iron, silicon, and aluminum were analyzed by AA
spectroscopy.



Surface area measurementswere performedwith a MicromeriticsAccuSorb
2100E static unit for nitrogenphysisorptionat 77 K (BET method).

Particle size analysis was performedwith Malvern InstrumentsParticle
Sizermodel M6.10. The clay sampleswere dispersedin ethanolaswell as water,
and particlesize distributionswere determinedusing 63-300mm LensSmall Cell
at severaltime intervals.

3.2.3 C.atalvtich.ydrotreatinq

In a typicalrun, 0.50 g of the test compound and 0.25 g of the desired
catalyst were placed in a microreactor(tubing bomb). The microreatorwas
evacuated and pressurizedwith 1000 psi of hydrogen,and placed in a rocking
autoclaveheated to 350°Cfor 3 hours. At the end of the reactionperiod, The
microreactorwas cooled to room temperature,degassed, and opened.The desired
amountnf the internalstandardwas added to the productslurry,and the product
slurry was transferred into a centrifugationtube by washing with methylene
chloride, and solid catalyst removedby centrifugation.The liquid sample was
analyzed by GC-FID and GC/FTIR/MS. The solid was dried in vacuumat 110°Cfor
3 hours.

3.3 Resultsand Discussion

3.3.1 Preparationof Iron-PillaredClays

3.3.1.1 High triironacetateconcentration

The sodiumformof montmorilloniteexistsin a very finelydispersedstate
in a low ionic strengthneutralaqueousmedium. The aluminosilicatelayersof
the clay are believed to be separated to the extent that ion exchange of
associatedcationsis relativelyunhindered. Ironwas introducedas the triiron
acetato complex monoanion (3). Earlierwork with ferric salts gave clays in
which the iron was not intercalatedbut was associatedwith outer layers (5).
In the previous quarter, the fine particles of iron-intercalatedclay were
collected from the supernatantand washings after isolationof the larger
particles. The calcined fine particles contained a substantialamount of
hematite,whichwas attributedto hydrolysisof the triacetatethatoccurredover
severaldays exposure to the aqueous solutions. The preparativework in the
secondquarteravoidedthisdelay by shorteningthe initialcentrifugationtime
and immediatelycentrifugingthe supernatantin the high speed centrifuge. The
calcined large and fine particles pillared clays obtained in this modified
procedurewere given the terms LEIPC and FEIPC.

3.3.1.2 Low triironacetateconcentration

The relatively narrow line widths observed in previous XRD studies I
indicatedthat the particle size of the maghemiteand hematitepresent in the
calcinedclays may be fairly large and consequentlycould disrupt the clay /
layer structureand resultin low dispersionof the iron in the catalystand low i
microporedimensions By exchanginga relativelysmall amountof iron into the /
clay, it was hoped 'that fewer pillars would be created and the iron oxide /
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particles would be smaller. Exchange of only I/3 of the total equivalents of
sodium by iron resulted in a 30%yield of larger iron-intercalated particulates
and 70% yield of fine particles. Calcination gave the iron-pillared clays
(L.31PC and F.31PC) which contained lower amounts of iron.

3.3.1.3 Low sodium concentration

Since the partially exchanged clays contained substantial amounts of sodium
ions that could mask the acid catalytic sites, part of the fine particles from
the preparation described above were treated with ammoniumnitrate to replace the
sodium ions. Iron was not removed in this treatment. Calcination removed the
ammonium as ammonia along with water to give the iron-pillared clay with low
sodium content (AF.31PC).

3.3.1.4 Ferric iron exchange

Since active iron sulfide catalysts can be readily prepared by addition of
ferric nitrate to coal ,followed by treatment with ammoniumhydroxide (4), it was
of great interest to see whether this expedient method could be used to prepare
a dispersed iron sulfide by addition of ferric ion to clay (sodium or calcium
montmorillonite) and subsequent treatment with ammonia. The method was tried
with sodium montmorillonite.

3.3.2 Characterization of Iron-Pillared Clays

3.3.2.1 XRDAnalysis

Iron-pillared montmorillonite catalysts were characterized by elemental,
particle size, surface area, and X-ray diffraction (XRD) analyses. Since
pillared clays usually show only broad XRD patterns, the use of oriented
specimens is helpful for measuring the basal spacing unambiguously. In addition
to preferred orientation, XRD analysis using random orientation was also
performed.

Figure I shows the XRD 28 plots obtained for the iron-pillared clays
resulting from calcination of the large (Fig.lA) as well as fine (Fig. IB)
particle iron-intercalated montmorillonites. Both samples exhibited major lines
corresponding to maghemite (2(_ : 36°). Hematite (28 : 33 ° ) was nresent as a
minor component in both FEIPC and LEIPC. The FEIPC contained s_,_ewhat more
hematite than the LEIPC, but much less than that obtained previously for the
FPIPC. The FPIPC catalyst prepared by a more lengthy procedure in the previous
quarter contained significant amounts of hematite, which may have been formed
from the hydrolysis of intercalated triiron complex due to prolonged contact of
the intercalated clay with pillaring solution. Thus speedy collection of the
iron-intercalated fine particles mostly prevented the formation of hematite in
the calcined product. The more rapid isolation of particles from the aqueous
solution may represent a significant improvement in the preparation, because the
hematite formation observed earlier was associated with much lower activity of
the catalyst. The reasons for the decrease in activity are not yet understood,
however.
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XRDanalysis of the sulfided FEIPC and LEIPC, which had been heated in 200
psi of hydrogen sulfide at 350°C for 2 hours, indicated the complete conversion
of iron oxide to pyrite. Elemental analyses confirmed this fact: S/Fe ratios
of the sulfided FEIPC and LEIPC were 1.85 and 1.96 respectively indicating the
conversion of triiron into mainly pyrite. Since pyrite was not the desired iron
form, the sulfided catalysts were reheated in i000 psi of hydrogen at 350°C for
2 hours, and analyzed by XRD. The XRD data indicated that pyrrhotite was the
only crystalline phase present in this sample.

When sulfidation of the calcined materials was carried out at 400°C for 2
hours in the presence of a 1000 psi mixture of hydrogen sulfide and hydrogen (10%
H_S), conversion of intercalated triiron to pyrrhotite was complete. Narrow
lines for pyrrhotite were observed in the XRDplot (Figure 2). The particle size
and the distribution of pyrrhotite in the clay interlayer structure could not be
ascertained from these data. The dool peak corresponding to the interlayer
spacing was quite broad in the 2(_plot for both samples. This may indicate that
the spacings are irregular in the calcined products.

The observance of relatively narrow lines for the maghemite in the calcined
clay and pyrrhotite and pyrite in the sulfided clays may indicate that the
particle size of the iron in the clay may be larger than desired for high
catalyst activity. Thus calcining may mobilize the iron so that not only iron
pillars, but also larger iron oxide particles are present (6), and the latter can
disrupt the layer structure sufficiently so that lower micropore volumes exist
in the structure. There may be several ways to overcome this problem, including
use of mixed alumina/iron pillars and new methods of creating the pillars via
organic pillar replacement. These methods are under investigation in the third
quarter. i

In the case of the catalyst prepared by adding ferric ion to sodium
montmorillonite, followed by ammonia treatment and sulfidation, XRD data
indicated the complete conversion of iron hydroxy oxide to pyrrhotite. But these
data did not provide any information regarding the particle size of the iron
sites obtained by sulfiding at the two different temperatures. The 28 plot has
lines consistent with those of sodium montmorillonite. Thus it is not likely
that iron was intercalated into the clay structure or formed any pillars in this
material.

3.3.2.2 Particle Size Analysis

In order to determine the effect of intercalation of iron oxide into the
clay interlayer structure on the particle size distribution, the particle size
distribution of the starting clay was also determined. Na-montmorillonite was
suspended in enough water to obtain a i % clay suspension. The particle size
distribution was determined using 63 mmLens small cell in ethanol and water.
In water, the particle size ranged from 6 micron to less than I micron. With
time the particles became larger, and after 30 minutes of standing the clay
particles ranged from 11 micron to less than I micron. The yield of the
particles less than I micron was 23%. The average particle size of the clay was
much smaller in water than in ethanol. Particle size determined in ethanol
ranged from 120 to less than I microns. The yield of the particles less than I
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micron was 6%. On standing, the particles continued to grow larger, as with the
aqueous suspension.

Intercalation of Na-montmorillonite with the large excess of triiron
complex resulted in a significant increase in the particle size of the
intercalated clay. The particle size of the FEIPC varied from 108 to 3.4 microns
in water. Particle size was found to increase upon isolation and calcination.
Once calcined, the intercalated clay did not disperse in water or ethanol.
Particle size increased significantly upon sulfidation of the clay intercalated
with large excess of triiron complex (FEIPC).

Intercalation of Na-montmorillonite with 0.33 equivalent of triiron complex
(F.31PC) gave larger particles than those obtained with the large excess of
triiron complex (FEIPC). As before the particles continued to grow larger upon
standing.

3.3.2.3 Surface Area Analysis

Surface areas of the fine particle (FEIPC) and large (LEIPC) particle iron-
pillared clay catalysts were 156 and 181 m2/g respectively. However, on
sulfiding the fine particle iron-pillared clay (FEIPC) catalyst in H_Sand H_ at
400°C for 2 hours the surface area dropped to 17 m2/g. The reduction in surface
indicates the collapse of the interlayer structure or formation of iron sulfide
agglomerates.

Further characterization of the iron-pillared clays by acidity studies, IR,
TGA, and Mossbauer spectroscopy is in progress and will ,ge reported in our next
quarterly.

3.3.3 Testing of Iron-Pillared Montmorillonite Catalysts

3.3.3.1 Catalytic Hydrocracking of Bibenzyl

Hydrocracking activities of iron-pillared clay catalysts were tested by
reacting with bibenzyl as the test compound. Reactions were carried out 350°C
for 3 hours in the presence of I000 psi of molecular hydrogen in a I0 ml rocking
autoclave reactor. Conversion data and major products are presented in Table I.
The catalysts were recovered in almost quantltative amounts, and no retrograde
reactions or coke were observed during reactions.

The catalytic activities of the precursor iron oxide forms (nonsulfided
forms) of the fine particle- (FEIPC) and large particle (LEIPC) iron-pillared
clay catalysts were tested with bibenzyl as the substrate in order to separately
determine the effects of the iron sulfide and the supporting clay structure, lt
was expected that the main activity of the iron sulfide sites would be to
activate hydrogen, whereas the pillared clay would contain the acidic sites
responsible for the cracking mechanism. Relatively weak hydrocracking activity
was observed for the nonsulfided FEIPC and LEIPC (36 and 40 % conversions
respectively). These values are consistent with those obtained for other clay
supports. The similarity in the conversions of the pillared clays obtained from
the large and fine particle iron-intercalated precursors indicates that when

11



TABLEI

CATALYTICHYDROTREATINGOF BIBENZYL

Reaction Time = 3 hrs, Reaction Temp. = 35tj_-C,-_-H_=1000 psig
Catalyst wt./Substrate wt. = 0.5

i_'atalyst Substrate Conversi on Major Procluc_
(g) (mmol) (%) (mmol)

LEIPC 2.74 40 Benzene 1,0.78)
Toluene (0.10)
Ethyl benzene (0.13)

LEIPC 2.73 80 Benzene (1.65)
Pre-Sulf. Methyl cyclohexane (0.10)

Toluene (0.15)
Ethyl benzene (0.62)
Ethyl cyclohexane (0.02)
Indan (0.06)
Fetralin (0.16)

FEIPC 2.73 36 Benzene (0.62)
Toluene (0.06)
Ethyl benzeno_(0.08)

FEIPC 2.77 79 Benzene (1.70)
Pre-sul fd Methyl cyclohexane (0.05)

Toluene (0.16)
Ethylbenzene (0.51)
Ethylcyclohexane (0.01)
Indan (0.04)
Tetralin (0.12)

F.31PC 2.83 33 Benzene (0.52)
Pre-sul fd Toluene (0.04)

Ethyl benzene (0.07)

AF.31PC 2.83 64 Benzene (1.25)
Pre-sul fd Toluene (0.06)

Ethyl benzene (0.20)
Methylcyclohexane (0.01)

L.31PC 2.91 79 Benzene (1.66)
Pre-sul fd Methyl cyclohexane (0.02)

Toluene (0.12)
Ethylbenzene (0.38)
Indan (0.03)
Tetralin (0.05)

12
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particlecollectionis done rapidly,there is littledifferencein the activity.
The lack of a differencein the reactivityof the two nonsulfidedclays may be
explainedby the close similaritesin the compositionof the iron-intercalated
clay structures (low hematite content) as determined by XRD (see discussion
above). The main point is that the particle size of the precursor iron-
intercalatedclaywas not an importantfactorindeterminingactivity. Morethan
surfacearea is involved.

Examinationof the productsobtainedfrom the reactionsof bibenzylwith
non-sulfidediron-pillaredclaysconfirmedthe significanthydrocrackingactivity
for both of these catalysts. The major productswere benzene,tolueneand ethyl
benzene. Benzeneand ethylbenzenewere the largestproducts,and the amountof
benzene was considerablymore than ethylbenzene. The ratio of benzene to
ethylbenzenewas 6-8, indicatingthe furthercracking of the ethylbenzeneto
benzene, These products are indicative of the Bronsted acid catalysis
mechanism. The mechanisminvolvesthe ipso protonationof an aromaticring of
bibenzyl, followed by aryl-methylene bond cleavage to form benzene and
phenylethyl carbonium ion. The phenylethyl carbonium ion is reduced to
ethylbenzeneby hydridetransleror hydrogenationor could undergoa varietyof
reactions to give products. This reaction mechanism is common in reactions
catalyzed by clays and clay-supportedcatalysts. The formation of toluene
probablyoccurs via a Lewis acid catalyzedmechanism,since the temperatureis
too low for homolyticcleavageof the centralbond in bibenzyl. Reductionof
carbonium ion intermediatesin the reaction may or may not involve the iron
sites.

The products includedmany hundreds of other components,indicativeof
rearrangementsand hydrogen addition as well as hydrocracking. The minor
componentsformedas a resultof hydrocrackingwere propylbenzene, butylbenzene,
tetralin,ethylbibenzyl,and phenylethylbibenzyl, etc. The alkylbenzeneproducts
resultedfromhydrogenationof bibenzylfollowedby crackingreactions,probably
involvingLewisacid sites. Some of the reactionproductswere additionproducts
of bibenzylthat may be regardedas FriedelCraftsadditionproducts. However,
extensivecondensationand coke formationwere not observedin the reaction. In
comparison, the acidic clay catalysts gave larger amounts of condensation
products. These results indicate that _ron-pillaredclays are effectivein
cleaving aryl-methyleneand other C-C bonQs at lower (350°C)temperature.

The catalytic activities of the sulfided iron-pillared clays were
determinedwithbibenzylas the substrate. The iron-pillaredclaysweresulfided
by heatingwith a 10% mixtureof hydrogen sulfidein hydrogen. With sulfided
FEIPC and LEIPC catalyststhe conversionof bibenzyldoubled. Major products
were same as those obtainedwith nonsulfidedcatalysts. However,small amounts
of cycloalkanes were also formed. The ratio of benzene/ethylbenzenewas
considerablesmaller(2.7-3.3). These data are almostexactlythe same as those
obtained in the previousquarterwith the large particlecatalystLPIPC.

lt is likely that the iron sulfide (pyrrhotite)sites activatedhydrogen
for transfer to the aromaticsor complexedaromatics. Part of the single-ring
aromatics were hydrogenatedto give cycloalkanesin the reactionswith pre-
sulfided catalysts. However, a substantialamount of methylcyclohexanewas
formed, probably from cleavage of the tertiary carbonium ion derived from
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phenylethylcyclohexane or hydrogenation of thering-protonated bibenzyl. The two
catalysts were identical in the proportion of ring-hydrogenated components found
in the reaction products.

The effect of the amount of triiron intercalated into the clay on the
hydrocracking activity of iron-pillared clay catalysts was also investigated.
The reactions were conducted with L.31PC and F.31PC, the iron-pillared
montmorillonite catalysts prepared with limited amounts of iron catalysts. These
catalysts were pre-sulfided by heating with a mixture of i000 psig H2S and H2
(10% H2S) for 2 hours at 400%, and reactions with bibenzyl were carried out at
350°C for 3 hours in the presence of I000 psi of hydrogen. The L.31PC catalyst
gave conversion and product distribution similar to LEIPC. However, F.31PC gave
much lower conversion (33%). The lower activity may be due to hydrolysis of
intercalated triiron during work-up, leading to the formation of hematite.

Another factor that may be important in determining the hydrocracking
activity of the catalysts is the presence of a residual of sodium ions that could
block the acidic sites. One of the iron-exchanged clays (F.31PC) was treated
with O.IM ammoniumnitrate prior to calcining in order to exchange residual Na+
ions with NH4"ions. The ammonium-exchangedproduct was calcined at 350°C for 6
hours, and sulfided by heating at 400°C for 2 hours in 1000 psig of H2S and H2
(10% H2S). The reaction of sulfided AF.31PC with bibenzyl gave 64% conversion.
Major products were benzene, toluene, and ethylbenzene. The increase in activity
is attributed to the formation of additional Bronsted acid sites from the
decomposition of ammoniumions on calcination.

Since coal liquefaction can be carried out with a catalyst generated by
adding ferric nitrate to coal and subsequently hydrolyzing to an iron
hydroxyoxide form (4), a convenient method for generating an active catalyst may
be the addition of ferric nitrate and subsequently ammonia to a clay and then
mixing into the coal liquefaction slurry. Reactions were carried out with iron
hydroxy oxide supported on Na-montmorillonite and sulfided by heating with a I000
psig mixture of H2Sand H2 (10% H_S) for 2 hours at 275° and a second catalyst at
400°C. The reactions of these catalysts with bibenzyl gave very poor conversions
(Table 2). The lack of hydrocracking activity may be attributed to the absence
of strong acid sites. XRDanalysis of these catalysts showed the formation of
pyrrhotite at both of these two sulfidation temperatures. Cugini and coworkers
have reported that lower sulfidation temperature (275°C) gave fine particles of
pyrrhotite when coal is the support. The XRD data of the clay-supported
hydroxyiron catalysts were unable to differentiate the particle size of the
pyrrhotite formed under the conditions employed. Thus, catalysts prepared by the
Cugini method may be effective in activating hydrogen for addition to polynuclear
aromatics, but they are worthless for catalysis of hydrocracking reactions.

3.3.3.2 Catalytic Hydrotreating of Pyrene

Catalytic hydrotreating of pyrene was investigated to determine the
activity of the sulfided iron-pillared clay for hydrogenation and hydrocracking
of polynuclear aromatic systems common to most coals. These results were
compared with the activity of sulfided commercial Ni-Moly catalyst. The reaction
conditions, conversion data, and product distribution are given in Table 3.
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TABLE 2

HYDROTREATINGOF BIBENZYLWITH FeOOH CATALYSTS

ReactionTime = 3 hrs, Reaction Temp. : 350°C,H2 : 1000 psig
Catalystwt./Substratewt. = 0.5

Catalyst Substrate Conversion Major Products
(g) (mmol) (%) (mmol)

SMFeOOHa 2.75 8 Benzene (0.14)
Pre-sulfd Toluene (0.02)

Ethylbenzene(0.02)

SMFeOOHb 2.84 7 Benzene (0.11)
Pre-Sulfd. Toluene (0.02)

Ethylbenzene(0.02)

a: Pre-sulfided at 275°C
b= Presulfided at 400°C

TABLE3

Reactions of Pyrene

Reaction Temp. : 350°C, Reaction Time = 3 hours, H2 : I000 psi
Catalyst wt/Substrate wt : 0.5

Substr. Conv. Major Products
Catalyst (mmol) _ {mmol)

FEIPC 2.46 88 Hexadecahydropyrene (0.05) (3 isomers)
(Sulfided) 1,2,3,3a,4,5,9,10 a, 10b-Dec_hydropyrene (0.15)

c-1,2,3,3a,4,5,5_,6,7,8-Decahydropyrene (0.13)
t-1,2,3,3a,4,5,5a,6,7,8-Decahydropyrene (0.17)
1,2,3,3_,4,5-Hexahydropyrene (0.30)
1,2,3,6,7,8-Hexahydropyrene (0.46)
4,5,9,10-Tetrahydropyrene (0.08)
4,5-Dihydropyrene (0.25)

HDN-30 2.47 69 Hexadecahydropyrene (0.03) (3 isomers)
Ni-Moly 1,2,3,3_,4,5,9,10_,lOb-Decahydropyrene (0.01)
(Sulfided) c-l,2,3,3a,4,5,5_,6,7,8-Decahydropyrene (0.05)

t-l,2,3,3_,4,5,5,,6,7,8-Decahydropyrene (0.06)
1,2,3,3_,4,5-Hexahydropyrene (0.21)
1,2,3,6,7,8-Hexahydropyrene(O.45)
4,5,9,10-Tetrahydropyrene (0.24))
4,5-Dihydropyrene (0.64)
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The reactionof pyrenewith the iron-pillaredmontmorillonitegave a high
conversion(88%)of pyreneintoproducts. The majorityof the productsweredi-,
hexa-,and decahydropyrenes.Since we did not calibratefor these isomers,data
are derivedfrom FID assumingthe responsefactorsof pyreneand hydropyrenesto
be the same. Small amountsof hexdecahydro-and tetrahydropyreneswere also
formed. Small amounts of other componentswere formed by hydrocrackingand
rearrangementreactions. The weight of the recoveredcatalystwas essentially
the same as the initialcatalyst,indicatingno cokingor retrogressivereaction
had occurredwith thesecatalysts. Hydrocrackingto I-, 2-, and 3-ringcompounds
was minimal under these conditions. The reactionof pyrene with commercial
Trilobe-HDN(Ni-Moly)catalystgave a lowerconversion(69%). Majorproductswere
di-, tetra-, and hexahydropyrenes. Compared with the iron-pillaredclay
catalyst,the formationof decahydropyrenewas significantlysmall. These data
indicatethatthe hydrogenationactivityof iron-pillaredclaycatalystisbetter
than the commercialnickelmoly catalyst. Hydrogenationactivityis also better,
than the commercial cobalt moly (AMOCAT)catalyst (7). Furtherwork is in
progress to developcatalystsand conditionssuitablefor hydrogentransferas
well hydrocrackingof polynucleararomatics.
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