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ABSTRACT

SYNTHESIS AND CATALYTIC PROPERTIES
OF CHROMIA PILLARED CLAYS

By

Thomas Daniel Brewer

Host clay layer charge and chromium pillaring solution
synthesis conditions have a profound effect on the resulting
physical properties of chromia pillared clays. Large
gallery chromia pillared clays, with gallery heights greater
than 10A, can be obtained from smectite clay hosts of
relatively low layer charge. As the host clay layer charge
increases, chromia pillared clay gallery heights decrease.
Surface areas in excess of 500 m2/g have been observed for
chromia pillared montmorillonite after calcination at 500°C.
The chromia pillared clays also show interesting thermal
stabilities.

Chromia pillared clays are unique bifunctional
catalysts which exhibit both acidic and redox properties.
The chromia pillars, which prop the smectite clay layers
apart, are the source of the catalytic activity. The
vertical height and lateral spacing of the pillars define a
two-dimensional nanoporous environment for possible
catalytic shape selectivity. The acidic properties of
chromia pillared clays have been examined using decane
cracking and a standard gas o0il microactivity test as probe

reactions. In addition, since chromia is a known



Thomas Daniel Brewer

dehydrocyclization catalyst, the aromatization of n-octane
to p-xylene has been used to study the redox and shape
selective properties. While chromia pillared clays do not
exhibit exceptional shape selectivity for the n-octane
dehydrocyclization reaction, a pore effect on the product
distribution has been observed when compared to that of a
non-microporous chromia on alumina catalyst.

The hydroconversion of n-heptane over a chromia
pillared montmorillonite catalyst and an alumina pillared
montmorillonite catalyst are also compared. The yield of
cracked products closely followed the conversion for the
chromia pillared clay catalyst, while the formation of
isomerized products was dependent upon the pretreatment

temperature in air.
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CHAPTER I

INTRODUCTION

Clays

Clays and clay minerals are fine textured, layered
hydrous phyllossilicates, typically with diameters less than
2 microns. The basic configuration of the clay layer-
structure consists of planes, sheets, layers, and
interlayers. A single plane of atoms or ions is the minimum
unit, while a sheet is composed of a combination of planes.
A clay layer is made up of a combination of sheets. Layers
are often separated from one another by an interlayer
region.

Figure 1 depicts the unit-structure of a 2:1 layer-type
clay, which will be the only layer type used in this study.
Each layer is composed of 4 planes of oxygen and hydroxyl
atoms and ions, which are arranged to form two tetrahedral
sheets above and below an octahedral sheet, i.e. 2
tetrahedral sheets : 1 octahedral sheet. One can visualize
the sheets by considering the tetrahedra as being corner
shared and the octahedra as being edge shared. Between each
layer is the interlayer, or gallery, region, which is
typically occupied by hydrated alkali or alkaline earth

cations.









The clays used in this study contain varying degrees of
negative layer charge, which is compensated for in the
interlayer with cations. The source of the negative layer
charge is isomorphous substitution of cations with a lower
valence than the typical cations found in the tetrahedral
and/or octahedral vacancies, which are defined by the clay
sheets. If the amount of substitution is large, then the
interaction between the clay layers and the interlayer
cations is strong, and the interlayer cations will be
difficult to exchange. Interlayer cation exchange is
necessary to separate the clay 1layers and change the
physicochemical properties of these materials. If the
amount of substitution 1is small or zero, then the clay
layers will be in van der Waals contact, and will again be
difficult to separate. However, if the amount of layer
cation isomorphous substitution is of an intermediate value,
then the layer charge will also be intermediate, and the
clay will be able to be cation exchanged.

Table 1 shows some idealized structural formulas for a
few clay minerals listed in order of increasing layer charge
density; from no layer charge to a large layer charge. The
two subdivisions, dioctahedral and trioctahedral, refer to
whether two-thirds (di) or three-thirds (tri) of the
octaheral cation vacancies are occupied. Dioctahedral clays
contain primarily valence three cations in the octahedral
vacancies, while trioctahedral clays contain primarily

valence two cations in the octahedral vacancies.






Table 1: Idealized structural formulas for some 2:1 clay

minerals.

Dioctahedral

Pyrophyllite: [Al4 0)(Sig.0)O20(OH)4

Montmorillonite: M7 - yH,O[Al o—Mg.J(Sig.0)O20(OH)4
Beidellite: M2 - vH,O[AL ol(Sig 0-<AlJOx(OH),
Nontronite: M7, - yH,O[Fe, 0)(Sig.0-xAl)O20(O0H)4
Muscovite: K;[Alg 0J(Sig.0Al2.0)020(0H)4

Troctahedral

Talc: [Mge.0)(Sig.0)O2(OH),
Hectorite: M7y, - vH,O[Mgg o, Li.J(Sig 0)O20(OH,F)4*
Saponite: M7/, - yH,O[Mgg 0)(Sig.0-Al)O20(OH)4

Phlogopite: K,[Mgg 0)(Sig.0Al3.0)O020(OH),
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Clays such as montmorillonite, beidellite, and
hectorite contain an intermediate amount of layer charge and
can be swelled (layers expanded) in an appropriate solvent.
Table 2 1lists some basic properties of swelling, or
smectite, clays.

One can utilize the chemistry of swelling clays by
exchanging the initial interlayer <cations with 1large
polyoxocations. Such large cations can then serve to prop
the clay 1layers apart in a permanent manner after
dehydration/dehydroxylation. If there 1is also lateral
spacing between the clay layer props, the clay is said to be

pillared, as represented in Figure 2.

Catalysis
There are three major catalyst markets -- petroleum
refining, chemical processing, and emissions control.

Research in all areas concern the development of products
with improved performance to meet changing environmental
standards and considerations. For example, refiners need
catalysts to meet the production requirements of
reformulated gasoline, and the automotive, process, and
energy industries need catalysts to reduce emissions.

The current worldwide merchant catalyst market is
nearly $6 billion. The worldwide market for catalysts is
predicted to grow about 4% per year during the next few
years, according to Catalyst Group, a Spring House, Pa.-

based consulting firm. The petroleum refining catalyst






Table 2: Basic properties of smectite clays.

A) Cation Exchangers (60-120 meq/100g)
1) Simple hydrated cations
2) Mono-polynuclear complexes
3) Onium ions
4) Carbocations

B) Swellable
1) Multilayers of guests between host layers

2) Gallery heights range from zero to infinity
3) Dependent upon layer charge, exchange ion, solvent

C) High Intercrystalline Surface Area
1) Typically 750 m2/g
2) Some lost due to stacking

D) Colloidal Particles
1)Typically less than 2 microns






(P*) (P*) (PT)

(P) (P:;

Figure 2: Idealized representation of a pillared clay.






market, which includes fluid cracking catalysts (FCC),
hydrocracking, reforming, isomerization, hydrotreating, and
alkylation, is undergoing the greatest amount of change.

It is clearly evident that there is a large potential
for novel catalytic materials to be utilized in the solution
of todays catalytic challenges. Pillared clays composed of
pillaring species which are active catalytic centers, such
as chromia, are novel catalytic materials which can act as
bifunctional, acid and redox, catalysts. The objective of
this dissertation research was to prepare very large gallery
height chromia pillared clays, and to study the resulting

catalytic properties of these materials.






CHAPTER II

CHROMIA PILLARED CLAYS

INTRODUCTION

Super gallery pillared clays are a new class of
pillared materials with exceptionally large gallery heights
(>208). Recent work shows that the direct intercalation of
metal oxide sol particles (DIMOS) is one rational approach
to the synthesis of these highly expanded materials(1-2).
Metal oxide pillared clays typically are formed by the
direct intercalation of robust polyoxocations between the
negatively charged clay layers(3-5). The intercalated
polyoxocations are then thermally dehydrated/dehydroxylated,
which converts the <cations into molecular-sized oxide
aggregates (pillars) with gallery heights ranging from 0.4
to 2 times the 9.6& van der Waals thickness of the host clay
layer (6-13). These metal oxide pillared clays show novel
microporosity(14-15) as well as interesting catalytic
properties(16-21).

Chromia pillared montmorillonite (CPM) was first
synthesized in 1979 by the intercalation of base hydrolyzed

chromium nitrate solutions(22). Hydroxy chromium
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interlayered clays were also studied by Rengasamy and Oades,
who found that the adsorption of chromium cations on clay
surfaces was related to PpH(23). In addition to the
extensive, but slow, hydrolysis chemistry observed for cr3t
cations in aqueous solution(24), further hydrolysis has been
reported to occur in the clay galleries(22,25-26). Very
large basal spacings (dgg;=21-284) have been observed for
chromia pillared montmorillonite using an elevated
hydrolysis temperature and Na;CO3 as the source of base
during the chromium hydrolysis reaction (27-28). We now
report the synthesis of other chromia pillared smectites,
each showing unique basal spacings. The ability to
synthesize pillared smectites with large basal spacings is

dependent upon both the preparation of large chromium

polyoxocations and the host clay layer charge.






EXPERIMENTAL

Materials

Wyoming montmorillonite (SWy-1) was obtained from
Source Clay Minerals Repository at the University of
Missouri, Columbia, Mo. Montmorillonite was further
purified by preparing a two weight percent aqueous
suspension to sediment overnight to obtain the size fraction
consisting of less than or equal to 2 micron particles. The
clay fraction was then sodium exchanged by mixing with a 20-
fold excess of NaCl at room temperature for one hour. The
clay was then dialyzed until a negative silver nitrate test
was obtained for chloride ion. Chemical analysis of the
resulting purified Na-montmorillonite indicated a unit cell
formula of Nag,ge(Al3,12Fe0.40MJ0.48] (Si7,82R10.18)020(0H) 4.

Na-beidellite, of structural formula
Nag,90[Aly, 00) (Si7,10A1lp,90)020(0H)4, was provided by George
Poncelet from the Université Catholique de Louvain.

Ca-hectorite was obtained by the Source Clay Minerals
Repository (SHCa-1), and was further purified and sodium
exchanged using the same procedure as that for
montmorillonite. The unit cell formula for purified Na-
hectorite was Nag,e2[Mgs5.38L10.62](Sig.00)020(0H) 4

The synthetic Li-fluorohectorite used in this work had

a unit cell formula of Lij 24(Mgy, 76Li1,.24]1(Sig,00)020(0H)4.

11
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Pillaring Reactions

Chromia pillared smectites were prepared similar to a
previously published procedure (27). In order to pillar one
gram of purified Na-montmorillonite, a 0.25M aqueous Na;COj3
solution was added dropwise to 0.05 mole Cr(NO3)3 (60 moles
of chromium per clay exchange equivalent) until the final Cr
concentration was 0.10M and the desired OH/Cr ratio was
achieved. The pillaring solution was allowed to age for 36
hours at either room temperature or 100°C, after which a 1
wt % aqueous clay suspension was added and the resulting
mixture stirred for 1.5 hours. The chromium exchanged clay
was washed free of excess salt by repeated
centrifugation/dispersion cycles until flocculated particles
were present. The product, at 1 wt %, was air dried on a
glass sheet. The resulting film was peeled,
dehydrated/dehydroxlated at 350°C under inert gas (nitrogen
or argon), ground in a mortar and pestle and sieved to a
particle size of 250-500 microns.

A series of reduced charge montmorillonite (RCM)
samples were prepared by the method of Brindley and Ertem
(29). One wt % aqueous suspensions of Li- and Na-
montmorillonite were mixed in the following proportions to
achieve the desired levels of charge reduction: 100:0,
90:10, 80:20, 70:30. The suspensions were stirred for 24
hours to allow randomization of the ions and then air dried
on glass sheets. The resulting films were peeled and heated

for 24 hours at 220°C in an oven to achieve layer charge
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reduction by migration of Li* to empty octahedral sites in
the layer. The RCM samples were then suspended in water at
1 wt % and dispersed in a blender.

Aqueous suspensions (1.0 wt %) of Na-beidellite, Na-
hectorite, Li-fluorohectorite, and Na,Li-RCM were chromium
exchanged and pillared following the procedure given for Na-
montmorillonite. In each case, the amount of Cr(NO3)3 used
per gram of smectite was adjusted such that the moles of
chromium per clay exchange equivalent was 60. The pillaring
solution consisted of a OH/Cr ratio of 2.0 and was aged at

100°C for 36 hours.

Physical Methods

X-ray diffraction patterns were obtained using a Rigaku
rotating anode x-ray diffractometer equipped with CuK alpha
radiation. Oriented thin film samples were prepared for x-
ray analysis by air drying on a glass slide approximately 1
ml of a 1 wt.% freshly prepared pillared clay aqueous
suspension. The slides were either analyzed at 25°C or
heated to the desired temperature (100, 350, or 500°C) under
inert gas for 2 hours.

Nitrogen adsorption/desorption isotherms were obtained
at =196°C with either a Quantachrome Autosorb or a
Quantasorb Jr. sorption analyzer using ultra high purity Nj
gas as the adsorbate and He as the reference or carrier.
Approximately 100 mg samples were outgassed at 350°C under

vacuum for 12 hours prior to analysis.
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Chemical Analysis

Elemental analysis of the host smectites were performed
on a Jarrell-Ash 955 Atom-Comp ICP-AES. Clay samples (0.05
g) were prepared for analysis by fusion with lithium borate
(0.3 g, Aldrich, Gold Label) in graphite crucibles at 1000°C
for 12 minutes. The resultant glass was transferred to 100
ml of 5% HNO3 and mixed until completely dissolved. NIST
plastic clay 98a served as a standard. Galbraith
Laboratories, Inc. analyzed chromium pillared clay samples
for si, Al, Mg, and Cr, from which intercalated Cr per
020(0OH)4 unit was calculated based on the assumption that
the Si content of the host clay remained constant throughout

the pillaring reaction.

Cation Exchange Capacity (CEC)

Cation exchange capacities for the host smectites were
calculated by both the structural formula from total
elemental analysis and by use of an ammonia electrode (30).
The ammonia electrode procedure involves suspending 100 mg
of ammonium-saturated clay in 40 ml Hp0 made alkaline with
the addition of 0.5 ml 10M NaOH. An ammonia electrode was
then used to read the potential developed. The ammonium
concentration was calculated by comparison with three

standard ammonium solutions (10'2, 10'3, and 10_4M).
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Electron Microscopy

TEM observation was carried out using a JEOL 200FX
microscope operating at 200 keV. The instrument is part of
the University of Michigan Electron Microbeam Analysis
Laboratory. Holey carbon films mounted on copper grids were
dipped in the powdered specimen, which allowed only those
particles small enough to remain on the grid by van der

Waals force to be imaged.






RESULTS AND DISCUSSION

Chromia Pillared Montmorillonite (CPM)

The use of an aqueous solution of Naj;CO3, as opposed to
solid NajCO3 or NaOH, as a base source for the hydrolysis of
the chromium pillaring solution helps minimize high
localized concentrations of hydroxide ion which 1lead to
Cr (OH) 3 precipitation (27). The subsequent slow dissolution
of the hydroxide precipitate limits the chromium
concentration necessary for 1large polyoxocation growth.
More important than the choice of base, however, is the use
of vigorous aging conditions, such as elevated temperature
and prolonged aging time, as well as the optimum OH/Cr

ratio, to hydrolyze the cr3t

cations (31).

The effect of hydrolysis temperature can be seen in
Figure 3, which compares the CPM basal spacings (after 350°C
dehydration/dehydroxylation) resulting from Cr pillaring
solutions, OH/Cr=2, aged for 36 hours at either room
temperature or 100°C. Room temperature Cr hydrolysis
produced much smaller Cr oligomeric cations, as can be seen
by the 12.33 basal spécing of the resulting CPM. However,
elevated temperature Cr hydrolysis for the same time period
produced much 1larger Cr polyoxocations, which after
intercalation and dehydration/dehydroxylation, resulted in a
chromia pillared montmorillonitevwith a 21.54 basal spacing.

The peak corresponding to the 42.1& basal spacing is due to

a nucleation controlled chromia phase which is difficult

16
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Figure 3. XRD patterns. of CPM products after
dehydroxylation at 350°C under nitrogen for 2

hours:

A. Product obtained by aging pillaring solution
36 hrs at 100°C with OH/Cr=2.0

B. Product obtained by aging pillaring solution
36 hrs at 25°C with OH/Cr=2.0
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to reproduce.

Tzou (28) also observed an increase in CPM basal
spacings resulting from pillaring solutions hydrolyzed at
increasing temperatures and aging times. He observed a
maximum, though, when the pillaring solution was aged for 36
hours at 100°C.

We observed that OH/Cr ratios greater than 1 result in
faster and more extensive cr3t hydrolysis, as long as the
ratio is less than 3, where Cr(OH)3 precipitation occurs.
Table 3 shows the optimum OH/Cr ratio for large CPM basal
spacings and high BET surface areas to be two. The larger
OH/Cr ratio of 2.5 probably effects intermolecular hydrogen
bond formation during chromium hydrolysis, which may
influence the stability of polyoxocation growth (31).

The CPM containing the 42.18& phase shows the first,
second and fourth order x-ray diffractions, being more
ordered than the smaller, room temperature hydrolyzed CPM,
which only shows one order of diffraction. The g-plot in
Figure 4 confirms that the third order diffraction is
missing for this sample, as can be seen by the loss of
linearity if the fourth order peak was considered to be
third order. Since the methods used to obtain this chromia
pillared montmorillonite with such a large dgo; basal
spacing are not unlike those used by Pinnavaia et al (27),
which contains the same dgpz and dgpg4 basal spacings, it is
likely that these previous x-ray diffractograms of chromia

pillared montmorillonite contained similar super galleries.
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Table 3. Effect of OH/Cr ratio in pillaring solution (@) on

resulting CPM x-ray basal spacing and surface

area.
XRD Basal Spacing (&) Surface Area (P)
OH/Cr 25°C 350°C (m</g)
1.0 17.0 15.8 141
2.0 55.2,26.7 42.1,21.5 378
2.5 50.2,25.1 40.0,20.0 319

(a)
(b)

Pillaring solution aged at 100°C for 36 hours.

Surface areas determined by the BET method wusing
nitrogen as the adsorbate.
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The CPM resulting from elevated temperature chromium
hydrolysis also has a much larger BET surface area than the
smaller, room temperature hydrolyzed, chromia pillared clay,
378 wvs 110 mz/g (Table 4). The larger chromium
polyoxocations allow for a much greater surface for the
small N; molecules to adsorb onto. 1In addition, the surface
areas of chromia pillared clays will appear lower than that
for pillared clays with pillars composed of atoms of
molecular weight similar to silicon or aluminum. Chemical
analysis revealed the moles of intercalated Cr per 054(OH)4
clay unit for elevated temperature hydrolyzed CPM to be
almost four times that for room temperature hydrolyzed CPM,
4.36 vs 1.14.

The broadness of the x-ray diffraction peaks can be
attributed to the range of polyoxocation nuclearities
(cation size) present in the Cr pillaring solution, as well
as the fact that the clay layers are not perfectly rigid
(32). Broad peaks can also be a result of regular
interstratification, or staging, such as that observed by
Singh and Kodama of a 28% complex with a regularly
interstratified structure which resulted from the reaction
of polynuclear hydroxyaluminum cations with montmorillonite
(33).

The electron micrograph in Figure 5 of a CPM sample
shows the effect of the large chromium polyoxocations (dark
spheres) on the montmorillonite layers (light wavy 1lines).

The montmorillonite layers are not rigid enough to maintain
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Table 4. Physical properties of CPM resulting from room
temperature @and elevated temperature chromium
hydrolysis (@),

Hydrolysis Basal Spacing (&) Surface Area(P) cr per

Temp. (°C) 25°C 350°C (m</q) unit cell
25 15.8 12.3 110 1.14
100 55.2,26.7 42.1,21.5 378 4,36

(a) OH/Cr=2.0.

(b) Surface areas determined by the BET method wusing
nitrogen as the adsorbate.
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Figure 5. TEM electron micrograph of CPM with dgg;=21.5A&,
magnification=385,000X.
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the large 1layer separation imposed by the intercalated
cation. The height of the pillars (and also of the clay
layers) as measured from the electron micrograph are
slightly smaller than that shown by x-ray diffraction. This
phenomenon has been observed before for pillared clays (34)
and could be due to electron beam degradation of the
specimen. However, it appears that all of the
montmorillonite layers are regularly intercalated with large
chromium polyoxocations, excluding the possibility of the
large X-ray basal spacing being due to regular
interstratification. In addition, only trace levels of Na
were detected during elemental analysis of all CPM samples,
and an x-ray diffrection peak at 9.6& is absent.

Chromia pillared montmorillonites also possess
interesting thermal stabilities (Figure 6). Temperature
dependent x-ray diffraction patterns show a very large 26.74&
basal spacing at room temperature (before
dehydration/dehydroxylation), with a steady decrease to
20.18 after a 500°C thermal treatment under inert gas.
After a 500°C thermal treatment, the clay loses much of its
crystallinity, most 1likely due to thermal migration of the
pillars. In addition, the nucleation dependent chromia
phase responsible for the very large gallery heights appears
to be the 1least thermally stable. Pillar migration and
decomposition can also explain the increase in surface area
after thermal treatment as being due to an increase in

larger micropores.
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Figure 6 Temperature dependent XRD patterns of CPM.
Pillaring solution aged at 100°C for 36 hours,
OH/Cr=2.0.
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One can also notice that the intensity of the most
intense peak decreases with increasing
dehydration/dehydroxylation temperature, while the intensity
of the first peak does not. This would lead one to believe
that there are two phases of chromium oxide composing the
pillars, and that the first two x-ray diffraction peaks are
not related. However, the diffraction peaks may be related,
in that the centroids of the first two peaks in each
diffractogram shift to larger degrees 2~ with increasing
treatment temperature, and the corresponding d-spacings
maintain a 2:1 ratio, as seen in the g-plot of Figure 2.
Also, varying the Cr/clay ratio from 60 down to 15 had no
effect on peak intensities (Cr/clay ratios 1less than 15
resulted in incomplete intercalation). Therefore, it 1is
likely that we are observing both two phases of chromia in

addition to the second order peak of the larger phase.

Effect of Clay Layer Charge

Other smectite hosts were chromia pillared, using the
optimized conditions for preparing CPM, to determine the
effect layer charge had on the physical properties of the
resulting pillared clay. One smectite of lower layer charge
than montmorillonite, along with two smectites of higher
layer charge, were selected for pillaring by chromium. The
X-ray diffraction patterns of the four chromia pillared

smectites are shown in Figure 7.
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Figure 7. XRD patterns (350°C) of chromia pillared

hectorite (CPH) , montmorillonite (CPM) ,
beidellite (CPB), and fluorohectorite (CPF),
along with the host clay cation exchange capacity
in meqg/100g.
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Hectorite, which has a lower cation exchange capacity
than montmorillonite, 83 vs 90 meq/100g, resulted in a
slightly larger expanded final pillared product than CPM.
Beidellite and fluorohectorite, each having a larger cation
exchange capacity than montmorillonite, 125 and 167
meq/100g, resulted in products with smaller basal spacings.
The chromia pillared hectorite (CPH) also shows the first
three orders of dOOl x-ray diffraction, while the chromia
pillared beidellite (CPB) and chromia pillared
fluorohectorite (CPF) show only one order of diffraction.
However, at small angles 27, the x-ray diffraction patterns
for‘both CPB and CPF show a very weak, but discernible,
broad peak. This is most likely due to the minimal presence
in the gallery of chromium polyoxocations of higher
nuclearity than those responsible for the smaller basal
spacings.

Similar studies comparing alumina pillared
montmorillonite with other smectites of higher and lower
layer charge resulted in essentially no difference in the
observed basal spacings (35-36). Thus, the effect of clay
layer charge on chromia pillared smectite basal spacings is
unique, and i1s not observed for other metal oxide pillared
smectites. The preparation conditions of the pillar
precursors, however, strongly effect all the various metal
oxide pillared clay basal spacings.

The electron micrograph of CPB in Figure 8 confirms

both the smaller gallery height than CPM, gallery heights
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Figure 8. TEM electron micrograph of chromia pillared
beidellite (CPB) with dpo1=16.5064
magnification=525,000X.
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close to one half the thickness of the host clay layer, and
the lack of interstratification. One can also see a small
amount of larger pillars, less than that observed in Figure
5 for CPM and of smaller size (about the height of one clay
layer), that expand the beidellite layers further apart than
the average basal spacing of 16.58. Again, the layers are
not rigid enough to maintain the larger basal spacing for
any appreciable distance.

We know from using the CPM and CPH layers as molecular
calipers of cation size that very large chromium
polyoxocations were either present in the pillaring solution
used to chromia pillar the higher charge density smectites
beidellite and fluorohectorite, or that smaller chromium
cations were further hydrolyzed (possibly by oxolation type
reactions) in the lower charge density smectites. If the
large chromium polyoxocations responsible for the CPM and
CPH basal spacings were initially present in the pillaring
solution, then they could have been hydrolytically degraded
in the interlayer of the higher charge density smectites to
achieve charge neutrality, since large chromium
polyoxocations have a 1lower charge density than smaller
chromium oxocations: The interlayer hydrolysis reaction
would be the opposite of the reaction which generates the
large polyoxocations, and is dependent upon the availability

of protons. This reaction

nCriHO) 2 >Cr 2 Crl 2 Serr Ol

\O e H ~ \O/
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could also be occuring in montmorillonite, and possibly
hectorite, although to a much smaller extent. This follows
from the results of Brindley and Yamanaka (22) and Carr
(25), who both concluded that the montmorillonite layers
hydrolyze intercalated chromium cations. We can extend this
conclusion to other clay hosts of different layer charge,
and see that as the magnitude of the layer charge increases,
so does interlayer chromium hydrolysis, and the basal
spacing of the final chromia pillared clay decreases.

One way to test the direction of the interlayer
hydrolysis reaction is to compare the x-ray basal spacings
resulting from a chromia pillared montmorillonite prepared
by direct exchange of the pillaring solution (the usual
procedure), with one prepared by in situ hydrolysis, i.e.
where the smectite is present in the pillaring solution
during aging. The xrd results of this experiment are shown
in Figure 9, and it is clear that the in situ hydrolyzed CPM
has a smaller gallery height and is 1less crystalline, or
less ordered. This is most 1likely due to the clay layer
charge increasing the proton concentration in the clay
galleries, thus directing the chromium hydrolysis reaction
to produce smaller cations. If the gallery environment were
to promote hydrolysis in the forward direction, we would
expect to see larger basal spacings for the in situ
hydrolyzed CPM.

We Dbelieve this effect of increasing interlayer

chromium hydrolysis with increasing layer charge density to






32

RELATIVE INTENSITY

42.1A 21-9A

Figure 9.

DEGREES 2 THETA

XRD patterns of CPM (350°C) prepared by:
A. Direct Exchange and B. In situ hydrolysis of
the chromia pillaring solution. Pillaring
solution aged at 100°C for 36 hours, OH/Cr=2.0.
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outweigh the structural significance of the host clay being
dioctahedral, such as montmorillonite and beidellite, or
trioctahedral, such as hectorite and fluorohectorite.
However, the availability and concentration of protons
(Bronsted acidity) during interlayer hydrolysis should be
greater for chromia pillared trioctahedral smectites, since
protons could reside in the octahedral cavities of chromia
pillared dioctahedral smectites. This proton availability
should affect the equilibrium of chromium cation hydrolysis.

Layer charge proximity may also affect interlayer
chromium .oligomeric cation hydrolysis, since charge site
location effects ion hydration (37). The source of layer
charge 1in Dbeidellite (125 meq/100g) resides in the
tetrahedral sheet, which is closest to the gallery, and that
for fluorohectorite (167 meq/100g) resides in the octahedral
sheet, further from the gallery. The resulting CPB had only
a 2.2A larger gallery height than CPF, even though the
difference between the host clay cation exchange capacities
is relatively large, 42 meq/100g. It is possible that the
tetrahedrally charged beidellite exerts a stronger anionic
force on the intercalated chromium oligomeric cations than
would a charge of similar magnitude but of greater proximity
to the gallery. This results in an effect similar to a
higher charge density smectite.

To further confirm the effect layer charge has on
chromia pillared smectite basai spacings, a series of

reduced charge montmorillonites were prepared and chromia
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pillared. The series consisted of 0% reduced charge
montmorillonite (unaltered Na-montmorillonite), 10%, 20%,
and 30% reduced charge Na,Li-montmorillonite. The x-ray
diffraction patterns of the resulting reduced charge chromia
pillared montmorillonites (RCCPM) are shown in Figure 10.
There seems to be a limit of layer charge, somewhere between
80 and 66 meq/100g, where the smectite layers do not swell
or exfoliate sufficiently for chromium polyoxocation
exchange. This 1is 1likely due to the fact that reduced
charge montmorillonite is heterogeneous with respect to
layer charge distribution (38). However, at 10% charge
reduction, or 80 meq/100g, the gallery height of RCCPM is
indeed larger than that for non charge reduced CPM, and is
similar to that for CPH. Therefore, two different clays of
similar cation exchange capacities can be chromia pillared
and result in a similar gallery height. At 30% charge
reduction, 55 meq/100g, the smectite layers did not swell,
and this was the only case where Na was detected during
chemical analysis of a chromia pillared smectite.

A Ni*2 reduced charge montmorillonite has been pillared
with alumina, yet the effect of the reduced charge was on
the lateral spacing of the pillars, not on the basal
spacings (39). However, the lateral spacing of reduced
charge chromia pillared montmorillonite is most 1likely
larger than that for non charge reduced chromia pillared

montmorillonite.
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Figure 10. XRD patterns (350°) of 0-30% RCCPM. Pillaring
solution aged at 100°C for 36 hours, OH/Cr=2.0.
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A summary of the physical properties of the various
chromia pillared smectites described herein is shown in
Table 5. A similar decrease in x-ray basal spacings with
increasing treatment temperature is observed for both direct
exchanged CPM and CPH, however, CPB seems to maintain its
small basal spacing somewhat better. This could be due to a
strpnger interaction of the pillars with the tetrahedrally
charged clay layers of beidellite, a phenomenon observed
previously for alumina pillared beidellite (40).

The increasing surface areas of both CPM and CPH with
increasing outgassing temperature can be explained by
thermal pillar migration in the galleries, thus causing an
increase in both micropores and mesopores. Such an
explanation coincides with the previoulsy observed loss of
layer order with increasing treatment temperature in the x-
ray diffraction patterns. The surface areas of CPM, CPH,
and CPB after only a 100°C outgassing are most 1likely
artificially low due to the presence of interlayer water.
However, after dehydration/dehydroxylation at 350 or 500°C,
the surface areas correlate quite well with the basal
spacings for all samples.

The surface areas of the higher charge density CPB are
relatively constant with increasing outgassing temperature,
due to minimal pillar migration. The surface areas at 350°C
of the very high charge density CPF is smaller than that for
CPB, which follows from CPF having the smallest x-ray basal

spacing. Also, as the amount of charge reduction increased
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(e)

Table 5. Physical properties of chromia pillared
smectites (a),

Host Temperature dao1 Surface Area (P) Cr per
(°C) 35 (mz/g) unit cell

Mont.

DE cpM(C) 100 53.8,26.3 318
350 42.1,21.5 378 4.36
500 37.1,20.1 573

1sH cpm(d) 350 33.0,17.4 322 3.52

10%rcceM(®) 350 43.5,22.8 368

20%RCCPM 350 41.7,21.8 351

30%RCCPM 350 10.1 168

Hect.

CPH 100 50.0,25.0 330
350 44.0,22.0 391 4.54
500 41.4,20.7 588

Beid.

CPB 100 17.5 280
350 16.5 254 2.16
500 16.3 245

Flhect.

CPF 350 14.3 177

(a) Pillaring solution: OH/Cr=2.0, aged for 36 hours at

100°C.

(b) Samples were outgassed at the indicated temperature.

(c) Direct exchanged chromia pillared montmorillonite.

(d) In situ hydrolyzed chromia pillared montmorillonite.

Reduced charge chromia pillared montmorillonite.






e . et e -z -

38

for the RCCPM samples, the resulting gallery heights and
surface areas decreased.

CPH, with the largest x-ray basal spacing among the
chromia pillared smectites studied, intercalated the most
chromium, 4.54 Cr atoms per unit cell, while the slightly
higher charge density CPM intercalated a similar amount,
4.36 Cr atoms per unit cell. If we were to assume that each
pillared unit cell is surrounded by 6 unit cells without
pillars, then there would be 7 unit cells per pillar. This
would mean that each pillar is composed of roughly 30 Cr
atoms. Since the CPM gallery height is roughly 12&, or s
oxygen planes, and if there were 6-8 oxygen atoms per plane,
then there would be 30-40 oxygen atoms per pillar. The
pillars should have a Cr to oxygen ratio similar to that for

Cr,03, therefore (Cryg039H4 . ¢) 4.6+

is likely, which is close
to the plausible assumption that each pillar is composed of
roughly 30 Cr atoms.

The in situ hydrolyzed CPM intercalated somewhat less
chromium than direct exchanged CPM, 3.52 Cr atoms per unit
cell versus 4.36, and had a smaller surface area. This may
be due to the formation of smaller and higher charge density
chromium polyoxocations in the montmorillonite galleries
during the aging of the pillar precursor solution. The high
charge density CPB only intercalated 2.16 Cr atoms per unit

cell, which would be expected since CPB has a small basal

spacing and surface area.

rbwt
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The large chromium polyoxocations, which constitute the
pillar precursors, have been proposed by Spiccia and Stunzi
to be made up of smaller Crj or Crg hydroxy complexes which
act as basic building blocks (41-43). The actual
composition of the Cr polyoxocation(s) responsible for the
chromia pillared clay gallery heights (including the
difficult to reproduce phase responsible for super gallery
heights) is unknown, however, it is likely that they are the
condensation products of trinuclear species, since the
Cr;(OH)A(H20)95+ cation was found to be more stable than
either Cr,(OH),(Hy0)g*t or Cry(OH)g(H20)11%%(39). Figure 9
shows one possible structure for the Crj cation.

Further experiments are now in progress to study the

catalytic aromatization selectivity of these novel supported

chromia catalysts.
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Figure 11. One possible structure of the trinélclear aqua
chromium (III) cation, Cr3(OH)g4(H20)g + (43).
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CHAPTER III

CATALYTIC PROPERTIES OF
CHROMIA PILLARED CLAYS

INTRODUCTION

Weisz and Frilette (1) first reported molecular shape
selective zeolite catalysis in 1960. Since then most
reports concerning shape selectivity have focused mainly on
the industrially important zeolite catalysts (2-4). It is
now recognized that molecular shape selectivity can arise
from a number of factors; including, diffusional effects,
steric constraints, and coulombic field interactions. The
unique nanoporous environment afforded by metal oxide
pillared clays should impose a steric and/or electronic
effect on the catalyzed reaction. Simple cation exchanged
montmorillonites, which have been studied as heterogeneous
catalysts for some organic reactions(5), are typically non-
nanoporous.

Various metal oxide pillared clays are now known to be
effective cracking catalysts (6,7). The current goal is to
develop an inorganic pol<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>