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ABSTRACT

Clay minerals have been known to act as heterogeneous cracking catalysts for
hydrocarbon reactions for many years. However, in the past 25 years the pillaring of clay
minerals has created anew class of materials having high surface area and microporosity.
The present work compares two different clay minerals, montmorillonite and
beidellite, in the formation of pillar interlayered clay mineral catalysts (PILCs).
Montmorillonite was obtained from natural sources and beidellite was prepared by
hydrothermal synthesis. In addition, gallium or chromium was used to replace some of the
aluminum in the reaction mixture in some cases, so that beidellite with isomorphous
substitution in the clay layers was prepared. It has been demonstrated that gallium replaces
aluminum in octahedral positions; chromium, however, is less easily incorporated into the
clay framework than gallium. The cation exchange capacity of the synthetic beidellite was
determined in order to carry out further pillaring studies.
Three different pillaring species were used to prepare the pillared analogues of
montmorillonite, beidellite, and beidellite with isomorphic replacement, viz, the Al13,
Ga13, and the GaAl12 polyoxocations. The physicochemical properties of the resulting
PILCs were evaluated and compared. The thermal stabilities of the pillared beidellites were
compared to previously reported stabilities for the analogous pillared montmorillonite
samples, and they were found to have similar stabilities up to

5000

C; above that

temperature, differences were noted. All PILCs displayed abimodal pore size distribution
and the results presented here suggest that the observed peaks at ca. 0.8 nm and 0.6 nm in
the pore distribution graphs correspond to the lateral and the interlayer distance,
111

respectively. The comparison of the surface acidities of the prepared catalysts revealed that
the clay layers and the pillars are both of importance in determining these acidities. For
example, gallium was found to reduce the number of Brønsted sites through its presence
either in the pillars or in the clay layers. However in the pillared clays the effects resulting
from the presence of the pillars are more important than the changes brought about within
the clay layers by isornorphous substitution. The effects produced by the pillars are more
important in beidellite than in montmorillonite, because in beidellite the pillars expose the
very active surfaces of the tetrahedral sheet; the montmorillonite tetrahedral sheet is less
active, so exposing it has asmaller effect.
To test the activity of the various supports, comparative cumene reaction studies
and thiophene hydrodesulfurization (HDS) reactions were carried out.

Beidellite and

pillared beidellite were found to have avery high selectivity for benzene in the catalytic
cumene reaction, while pillared montmorillonite, depending on the type of the pillar, can
also produce significant amounts of a-methylstyrene as well as benzene. However, the
cumene reaction carried out over the isomorphously substituted PILCs did not show
significant differences from the unsubstituted PILCs.

The results presented here are

consistent with the expectation that the proximity of the layer charge (beidellite has
tetrahedral layer charges) to the surface largely determines the surface acidity. The results
obtained from the thiophene HDS studies indicate that pillared clays are not good support
materials for HDS catalysts because of rapid deactivation.
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1

Chapter 1
INTRODUCTION

1. Introduction
Aluminosilicates have been known to act as heterogeneous catalysts for many
years. The use of clay minerals as cracking catalysts for gasoline production was first
suggested in German patents in 1923. However, the catalytic cracking of petroleum
fractions on an industrial scale was not commercially feasible until 1938 with the Houdry 1
fixed-bed process utilizing asolid catalyst that could be regenerated. Clays caused agreat
deal of interest in the development of FCCs (Fluid Cracking Catalysts) for the production
of gasoline.

This changed after 1945 when more active synthetic materials such' as

alumina, silica-aluminas, or silica-magnesia took the place of clay based hydrocracking and
fluid cracking catalysts2'
3. In the 1960's these were replaced with zeolites which soon
were to become the most important catalysts in the petroleum refining industry3.However,
in the past 25 years the pillaring of clay minerals created anew class of materials having
high surface area and microporosity.
In this introductory chapter, the structure of clay minerals will first be described, as
many aspects of these materials are not well known in chemistry. Then the methods used
to create pillared clays will be outlined, as well as the various potential catalytic advantages
these large surface area materials can have. Finally, the objectives of the work carried out
for this thesis will be summarized
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1.1 Chemical Constitution of Clays
1.1.1 Structural Units of Clay Minerals
Clay minerals can be defined as hydrous aluminum phyilosilicates or layer silicates
and are restricted to the < 2pm fraction of rocks and soils. Layer silicates are composed of
two basic structural units, atetrahedral and an octahedral sheet. Depending on how these
fundamental units combine with each other avariety of structural features arises.
The tetrahedral sheet is composed of single tetrahedra linked via their corners. This
tetrahedral unit can be formally described as SiO4 4 consisting of Si4
coordinated by four

2.•

tetrahedrally

The SiO44 tetrahedra are only linked via tetrahedra apices

(oxygen atoms); sharing edges or faces brings the highly charged silicon atoms too close to
each other.
In phyllosilicates, such as smectites, the silica tetrahedra are linked to form sheets.
These sheets are composed of six-membered rings of tetrahedra where three corners of
each tetrahedron are linked to the neighboring tetrahedra. Figure 1.1 depicts how single
silica tetrahedra combine in ahexagonal network to form two-dimensional sheet-like
structures. The tetrahedral units have their bases in the same plane with all their tips
pointing up in the same direction normal to the base resulting in two planes of oxygen
atoms.
The most common cation in the tetrahedral sheet is Si4

since the tetrahedral

coordination fits only the smaller cations. However, it can be partially replaced by Al3
(less common) or by Fe3 (rare). The net formula of the tetrahedral sheet can be described
as SLtOiø4 .Having anet negative charge the tetrahedral sheet cannot exist by itself but
may occur in combination with cations and additional oxygens.
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Figure 1.1: Diagram Showing the Arrangement of the Tetrahedral Sheet of
Clay Minerals4'
5

The second fundamental structural unit is the octahedral sheet. The tetrahedral
sheet, as described previously, is always combined with an octahedral sheet.

This

octahedral sheet can exist by itself. It is composed of cations, such as Al3 ,Mg2 ,Fe2 ,
or Fe3+, but most of the other transition elements as well as

Li+

have been observed; these

cation sites are surrounded by six nearest neighbors (oxygens or hydroxyls). The oxygens

chapter 1

4

or hydroxyl groups (almost of the same size as oxygen) form two hexagonally closepacked sheets engendering the octahedral layer as shown in Figure 1.2. As can be seen
from this sketch, the octahedra are lying on one of their faces forming an infinite twodimensional sheet of edge-linked octahedra.

single octahedral unit

0

single octahedral units joined to form the octahedral sheet

Hydroxyls
or Oxygens

top view of asingle octahedral unit
(four-fold axis normal to the plane)

Aluminums, Magnesiums,

top view of edge-linked octahedra
forming the octahedral sheet
(three-fold axis normal to the plane)

Figure 1.2: Diagram Showing the Arrangement of the Octahedral Sheet of
Clay Minerals4'
5

There are two known minerals, brucite [Mg(OH)2] and glbbsite [Al(OH)3], whose
structures can be described in terms of such an octahedral sheet having two planes of closepacked hydroxyls rather than oxygens. The structure of clay minerals can be characterized
with respect to the structure of these two minerals as either brucite-like or gibbsite-like.
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The cation-to-anion ratio governs whether the clay mineral is referred to as dioctahedral
(gibbsite-like) or trioctahedral (brucite-like).
Fitting two planes of close-packed hydroxyls on top of each other results in three
possible octahedral cation sites. In gibbsite-like sheets the cation-to-anion ratio is 1:3 and
hence for the negative charge of the six surrounding anions to be balanced only 2trivalent
cations are needed rather than 3divalent cations. This means only two of the three possible
octahedral cation sites are filled and clay minerals of this structure are referred to as
dioctahedral.

In brucite-like sheets the cation-to-anion ratio is 1:2. Here, to achieve

electrical neutrality three divalent cations rather than two trivalent cations are needed. This
means all three octahedral sites around each hydroxyl are filled, giving rise to trioctahedral
clay minerals.
The combination of tetrahedral and octahedral sheets can result in electrically neutral
or negatively charged clay layers. However, the occurrence of neutral clay layers is not
very common. One example for this situation would be kaolinite. More often anegative
charge is associated with assembled clay layers.

If there was no net negative charge

associated with the clay layers it would mean for the octahedral sheet that either two
trivalent cations occupy two out of the three octahedral sites or three divalent cations
occupy all three octahedral sites, and Si4 would occupy all cation sites in the tetrahedral
sheet. However, sometimes Al 3 substitutes for Si4 within the tetrahedral sheet otMg2
substitutes for Al 3 in adioctahedral sheet, leaving anet negative charge for the clay layer.
The charge per formula unit obviously depends on the degree of substitution within the
tetrahedral or octahedral sheet. The maximum layer charge for the majority of the 2:1 layer
type clay minerals is approximately - 1per formula unit.

This net negative charge

associated with the clay layers can be compensated for by the incorporation of positively
charged ions into the interlayer space thus generating electrically neutral "molecules" on a
macroscopic scale.
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1.1.2 Classification of Clay Minerals
Using structural features of layer silicates it is possible to classify clay minerals into
certain groups and sub-groups. The classification and nomenclature criteria discussed here
are those approved by the AIPEA (Association Internationale pour 1 'Etude des Argues)
Nomenclature Committee68 or by the IMA Commission on New Minerals and Mineral
Names.
Criteria used for classification:
a) layer type (combination of tetrahedral and octahedral sheets, e.g. 1:1, 2:1)
b) layer charge (x= charge per formula unit)
c) cation-to-anion ratio of the octahedral sheet (i.e. dioctahedral or trioctahedral)
d) type of interlayer material
There are also anumber of secondary criteria that can be used for the classification
of clay minerals, e.g. the type of layer stacking, their chemical composition, and the type of
the component layers and the nature of stacking (ordered or random) for mixed-layered clay
minerals.
Based on layer type, layer charge, and the type of the interlayer, layer silicates can
be divided into 8major groups. These groups can be further subdivided into sub-groups
and species on the basis of the cation-to-anion ratio of the octahedral sheet, chemical
composition, and the geometry of stacking of individual layers and interlayers. Table 1.1
elucidates this classification of clay minerals according to structural features. The type of
layer combination is the first criterion used to subdivide the clay minerals into groups.
Depending on the layer charge these groups can be further subdivided into sub-groups.
Within sub-groups the different minerals can be distinguished based on the cation-to-anion
ratio within the octahedral sheet, i.e. whether they are dioctahedral or trioctahedral
minerals. The distinction of the clay minerals based on layer charge is only approximate
and somewhat arbitrary. The structure of the major groups can be seen from Figure 1.3.

7
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Table 1.1:
Layer
Type

Classification of Clay Minerals
Sub-group
Group
Interlayer
(x=charge per
Material
formula unit)

Species
(examples)

1:1

None or H20
only

Serpentinekaolin
(xO)

Serpentines
Kaolins

chrysotile, antigorite
kaolinite, dickite,
nacrite

2:1

None

Talcpyrophyllite
(xO)

Tales
Pyrophyllites

talc, willemseite
pyrophyllite

2:1

Hydrated
exchangeable
cations

Smectite
(xO.2-O.6)

Smectites (tr)
Smectites (di)

saponite, hectorite
montmorillonite,
beideffite, nontronite

2:1

Hydrated
exchangeable
cations

Vermiculite
(xO.6-O.9)

Vermiculite (tr)
Vermiculite (di)

trioctahed. vermiculite
dioctahed. vermiculite

2:1

Nonhydrated
cations

Mica
(x4)

irioctahed. mica
clioctahed. mica

Phiogopite, biotite
muscovite, paragonite

2:1

Nonhydrated
cations

Brittle mica
(x2)

tr. brittle mica
di. brittle mica

cintonite, anandite
margarite

2:1

Hydroxide

Chlorite
(x variable)

tr. chlorites
di. chlorites
tr., di. chlorites

clinochiore, chamosite
donbassite
cookeite, sudoite

2:1
inverted
ribbons

Hydrated
exchangeable
cations

Sepiolitepalygorskite
(x variable)

Sepiolite
Palygorskites

sepiolite, loughlinite
palygorskite
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Figure 1.3: Basic Structures of Major Clay Mineral Groups

1.1.3 The Structure of Smectite
The smectite group of clay minerals is one of the five major groups of clay minerals
with regard to the AIPEA nomenclature criteria. This mineral group is one of the most
often used group of clays and has awide variety of existing species. Smectites are of the
2:1 layer type, i.e. they are acombination of tetrahedral-octahedral-tetrahedral layer
stacking.

They can be further divided into two sub-groups, the montmorillonites

(dioctahedral sub-group) with mainly aluminum ions in the octahedral layer and the

chapter 1

9

saponites (trioctahedral sub-group) with mainly magnesium in the octahedral layer.
Isomorphous substitution causes charge deficiencies in these minerals leaving the clay
layers with anet negative charge. As can be seen from Table 1.1 the smectites are
characterized by arelatively low layer charge. This charge must be balanced by additional
cations intercalated between the 2:1 clay layers giving rise to the so called cation exchange
capacity. A low layer charge makes them ideal candidates for any type of cation exchange
processes; minerals of higher layer charges, e.g. vermiculite, have strong attractive forces
between the layers making acation exchange somewhat more difficult. Smecthes can have
avariety of exchangeable cations in the interlayer space and depending on their size, they
can be surrounded by one or two water layers. Monovalent cations, such as Na+, are
surrounded by only one layer of water resulting in abasal spacing of about 12A. Divalent
cations, such as Mg2+ or Ca2+, usually show basal spacings of about 14-15A as aresult of
being hydrated by two layers of water. These spacings apply for normal conditions of
humidity and may vary with the humidity level. Figure 1.4 represents the structure of a
typical smectite clay mineral. The exchangeable cations may also be replaced by large
polymeric species pushing the clay layers apart and hence giving rise to apillar interlayered
clay mineral (P)LC).
The structure of the smectites with its dioctahedral and trioctahedral sub-groups is
related to the structure of the talc-pyrophyllite group, the most simple of the 2:1 layer types.
The ideal formula of talc can be given as Mg3Si4Olo(OH)2 and hence it belongs to the
trioctahedral sub-group. Pyrophyllite's ideal formula is Al2SLtOlO(OH)2 and it is therefore
of dioctahedral constitution. The differences between talc, pyrophyllite and smectites result
from the charge deficiencies in the smectite group of clay minerals caused by isomorphous
substitution in the talc or pyrophyllite layers.

10
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or Mg2 or Ci' exchangeable cations
and n-H20
44

exchangeable cations
may be replaced by large
cations that prop the clay
layers apart, producing a
pillared clay (PILC)

Figure 1.4: The Structure of Smectites

As mentioned previously, the subgroups within the smectite group of clay minerals
are the montmorillonites (dioctahedral) and the saponites (trioctahedral).

The

montmorillonite subgroup consists of two end-members, the montmorillonites and the
beidellites, depending on the location of the layer charge. This terminology might be
somewhat confusing as the same term "montmorillonite" is being used twice. In order to
avoid this confusion the montmorillonite subgroup will be called dioctahedral smectite and
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the saponite subgroup will be called trioctahedral smectite hereafter so the term
montmorillonite refers just to the end-member. Figure 1.5 shows the relationships within
the smectite group with all its sub-groups and end-members using the definition described
above.
TrioctaheIral smectites have astructure analogous to talc [Mg3Si4Olo(OH)2] with
two different types of end-members, saponite and hectorite. Saponite has alayer charge
due to isomorphous substitution of Al3 for Si4 within the tetrahedral layer. Its general
formula can be given as [Mg3(Si2 .7Alo .3)O1o(OH)2]

0.3 [M] +O.3

The formulas given in

this section are approximate, as the degree of substitution can vary from sample to sample.
The other end-member of this sub-group is hectorite with alayer charge due to octahedral
substitution.

Li

partially substitutes for Mg2

[(Mg2.7Lio.3)3Si4O1o(OH)2]

0.3 [NaO.31

and it can be generally described as

+0.3•

Figure 1.5: The Smectite Group of Clay Minerals

The structure of dioctahedral smectites is related to pyrophyllite [Al2Si4O1o(OH)2].
Beidellite, the trisilicic end-member of the dioctahedral sub-group, has alayer charge due to
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tetrahedral

substitution.

[Al2(Si3.7A10.3)OlO(OH)2]
Al 3

Typically
-0.3 [M] +0.3

it

is

of

the

approximate

composition

Some of the tetrahedral Si4 is substituted with

causing charge deficiencies within the tetrahedral sub-layer. Nontronite,

[Fe2 0(Si3 7A1O.3)OlO(OH)2]

-0.3

[M]

+ 0.3,

constitutes an iron rich species of beidellite

having Fe 3 instead of Al 3 present in the octahedral sub-layer. Montmorillonite is the
tetrasilicic

end- member

[(All.7Mgo.3)Si4Oo(OH)2]

and

its

-0.3 [M] +0.3

general

formula

can

be

described

as

Mg2 substitutes for some of the Al 3 within

the octahedral layer resulting in anet negative charge associated with this layer. However,
even in montmorillonite there can be some tetrahedral substitution but since the primary
charge is due to octahedral substitution those species are classified as montmorillonites.
The montmorillonites can be further subdivided into Wyoming-type and Cheto-type
montmorillonite minerals. The mineral with the higher swelling capacity, alow layer
charge, and Na+

as exchangeable cations is the so called Wyoming-type,

[(Al1 . tFe3o. l5Fe 2 o.o2Mgo.19Si3.9Alo. i)O 10(OH)2]

-0.31

[Na0.3 i] +0.31

The other

mineral is classified as the Cheto-type and because of its higher layer charge it has reduced
swelling properties with Ca2 as the exchangeable cation. The net formula for Cheto-type
montmorillonite is [(All

-0.6 [Ca03]06.

The examples of Wyoming-type and Cheto-type montmorillonite indicate that there
are no rigid divisions between the different type of clay minerals and aclassification has to
be made based on which properties will be most dominant.

1.2 Clay Minerals As Heterogeneous Catalysts
1.2.1 Acidity and Activity of Clay Minerals
Carbonium ions are considered to be the primary reaction intermediates for the
conversion of hydrocarbons over heterogeneous acid catalysts.

The existence of

carbocations as intermediates is assumed based on the observation of products combined
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with aknowledge of the stability and the rearrangement pathways of these cationic
intermediates911 .For the carbonium ion mechanism to occur on aluminosilicate surfaces
the catalysts employed need to have sufficiently acidic surfaces 1214 .Tamele discussed the
acid strength and the number of acid sites as the major factor determining the activity of
alumina-silica catalysts 15 . How can these acid sites be understood? There are two
different types of acid sites present on the surface of clay mineral catalysts, the so called
Brønsted and Lewis acid sites.
The Brønsted definition describes an acid as asubstance capable of donating a
proton and abase as asubstance capable of accepting aproton. The Lewis acid-base
theory defines an acid as asubstance that can accept apair of electrons and abase as a
substance that can donate apair of electrons. Therefore, the Lewis theory contains the
concept of the Brønsted theory since the proton represents agood electron pair acceptor.
However, looking at surface acidities one has to distinguish between the two different
types of acid sites and describe them rather in terms of protonic sites for the Brønsted sites
and aprotic sites for the Lewis sites.
In an attempt to describe the acidity of clay minerals one has to look at the
coordination and the oxidation states of aluminum and silicon in these minerals. Silicon
usually occurs in the +4oxidation state whereas aluminum generally only has the +3state
readily accessible. Hence the acidity associated with clay minerals depends to alarge
degree on the coordination of Si4 and Al3+ within the clay mineral framework. Silicon
occurs solely in fourfold coordination whereas aluminum can be found to exist in
tetrahedral as well as in octahedral coordination. Aluminum usually appears in tetrahedral
coordination in zeolites whereas octahedral coordination of aluminum is more typical for
clay minerals)9'16.
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Figure 1.6: Diagram Showing Possible Configurations of Brønsted and
Lewis Acid Sites on Clay Mineral Surfaces
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The source of the acidity on clay mineral surfaces or on aluminosilicate surfaces in

general is related to the aluminum 12 '
13 '
15 '
17 . If Al3+ replaces some of the Si4+ in the
tetrahedral sub-layer it creates charge deficiencies. The
now be described by acharge balancing H3O

Brønsted

site (protonic site) can

associated with aluminum occupying

tetrahedral positions. The Lewis sites (aprotic sites) can be described by tricoordinated
aluminum, astrong Lewis acid, and can be found at the edges of clay platelets or could
emanate from aSi-O-Al rupturing dehydroxylation of the

BrØnsted

site. Octahedral Al3

could also give rise to Lewis acidity if located at the edge of clay platelets' 8"9.However,
Lewis sites can only be studied in anhydrous systems since the presence of water, aLewis
base, will convert Lewis sites into Brønsted sites. Figure 1.6 depicts the arrangement of
such BrØnsted and Lewis acid sites.

1,2,2 Auplications of Clays in Catalysis
1.2.2.1 Pillar Interlayered Clay Minerals
The first pillaring attempts were made with organic pillars20 '
21 ,
such as N+(CH3)4
or N+(C2H5)4, often of low thermal stability. Their low thermal stability prevented a
further commercial interest in this class of materials. One way of preventing the collapse of
the pillars is by introducing inorganic pillars into the interlamellar space. Inorganic pillars
are of significantly higher thermal stability and hence serve to keep the layers apart and
preserve the catalytic activity by maintaining their high surface area and preventing pore
blockage.
Pillaring can be achieved by introducing large polymeric cationic species into the
interlayer space, replacing the small charge balancing cations such as Nat,

Ca2+ or

Mg2+.

The polymeric cations prop the clay layers apart creating microporous, high surface area
solids. The pore sizes clearly depend on the size of the pillar and the spacing between the
pillars in the interlayer space. Figure 1.7 is aschematic representation of such apillaring
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process. The high catalytic activity of these materials can be attributed to the high surface
area generated by the pillaring process and the nature of the active sites introduced by the
pillaring agent.
With an increase in the oil price in the early seventies incentives were created to
develop new catalysts for the processing of heavy crude oils. Particularly, there was an
interest in the development of fluid cracking catalysts to convert heavy oil fractions
containing large refractory molecules22 .Pillared clays can adsorb large molecules that do
not fit within zeolitic channels, thus preventing the costly pre-processing of large resid
molecules which is necessary before zeolites can be used to crack heavy feeds. The
catalytic activities as well as the gasoline yields of pillared clays and zeolites are
comparable. Pillared clays produce gasoline with ahigher octane number than zeolites but
they also coke more23 .
Pillared clays have three main characteristics that make them potential catalysts:
acidity, thermal stability, and shape selectivity. The acidity of PILCs was discussed in
section 1.2.1. Having both Lewis and Brønsted acidity, pillared clays find their main
application in acid catalysis. The thermal stability of pillared clays is aproblem that has to
be solved for their further commercial application. Catalyst regeneration in industry is
usually performed by steam stripping and air oxidation requiring thermally stable systems.
New pillared clays are approaching zeolites in terms of their thermal stability, e.g. Al-, Zr-,
or Si-pillared clays still show high surface areas after steaming at 6500 C for several hours,
which compares well with the thermal stability of protonic Y-zeolite23 .
Another crucial feature of acatalyst is its selectivity. High selectivity results in high
product yields and minimizes competitive and consecutive reactions. This sets certain
demands with respect to the texture of the catalyst, particularly to the pore volume and pore
distribution. Internal diffusion has to be reduced which would in the case of consecutive
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111111111
clay layer
Cation exchange
with Con tact Solution
containing bulky
I
F polyoxocations

Figure 1.7: Schematic Pillaring Process

reactions, for example, quickly reduce the selectivity25 .If all the active catalytic sites are
restricted to the pores of the catalyst, then the reactions taking place as well as the produced
molecules largely depend on the molecular dimensions and the configuration of those
pores. This means that only molecules which are smaller than the pores have access to the
catalytically active sites and only those molecules can be reacted. Moreover, the produced
molecules also have to be able to leave the pores, so again the texture of the catalyst is
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important in the formation of the desired products. The selectivity with respect to steric
effects has been defined as shape selectivity26 .
In summary, pillared clays have the potential to be good hydrotreating catalysts for
the conversion of high molecular weight hydrocarbons as in heavy and residual gas oils.
Their thermal stability has significantly improved by using inorganic pillars. The search for
more hydrothermally stable pillared clays is the objective of various scientists at present.
The first catalytic applications for pillar interlayered clays occurred with the
introduction of large inorganic po1y0x0cations 273 °of higher thermal stability (above 600°
Q. The introduced metal complexes were heated to 500° C thus transforming the metal
complexes into the corresponding metal oxides which permanently push the clay layers
apart.

The most common inorganic pillaring species for clay minerals are the

polyoxocations of aluminum, zirconium and titanium, and polyhedral oligosilsesquioxanes. The structures of these are summarized in Figure 1.8.
These polymeric cationic pillaring species can be prepared by the hydrolysis of the
corresponding metal ions. The hydrolysis of various metal cations such as A13+, Ti4+and
Zr4 has been reviewed by Mesmer and Baes 31 and by Henry et al. 32 .
Tetravalent cations (Ti4 ,Zr4 )are already hydrolyzed at low pH values. The
[Ti(OH)(H2O)5} 3 precursor of the first hydrolysis step exists only under strong acidic
conditions. Since the hydroxo group has apositive charge (öOH=+0.06) this precursor can
not condense and functions like an acid to result in the [Ti(OH)2(H2O)4} 2 ion. The
hydroxo groups carry now aslightly negative charge

( oH=-O.Ol).

These species continue

to be monomeric and presumably undergo spontaneous intramolecular oxolation to form
titanyl ions32 , [TiO(H2O)5]2. However, the structure of the hydrolysis products is not
quite understood since the high acidity of the Ti" ion makes the hydrolysis hard to
control31.
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Figure 1.8: Structures of Common Inorganic Polymers Used for the
Pillaring of Clay Minerals
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The Zr'

ions are bigger than the

Ti4+

ions and hence the precursor,

[Zr(OH)(H2O)7]3, of the first hydrolysis step is less acidic. Further hydrolysis can
happen under formation of [Zr(OH)2(H2O)6} 2 .The charge of the hydroxo groups is now
considerably negative (öOH=-O.06) and condensation can occur giving rise to the tetrameric
cation 32 [Zr4(OH)8(H2O)16] 8 .Small angle X-ray scattering studies 33 propose this same
tetrameric structure. Clearfield and Vaughan' confirm this structure in the solid state. The
four zirconium atoms are located at the corners of aslightly distorted square. They are
linked by two hydroxo groups above and below the plane of the square. Each zirconium
atom is bonded to four water molecules in such afashion that the eight oxygens around
each zirconium result in adistorted square antiprism.
Three-dimensional silicate structures, such as polyhedral silsesquioxanes, have also
been used as pillaring agents. The polyhedral silicon-oxygen skeleton can have organic or
inorganic substituents bonded to the silicon atoms. The organic substituents are chosen in
such a fashion that they contain cationic species, e.g. ammonium, phosphonium, or
pyridinium, which will allow for an ion exchange.

The chemistry of the polyhedral

silsesquioxanes and their derivatives has been reviewed35 .
The [AlO4Al12(OH)24(H20)12]
of these inorganic pillaring species.

'

or "Al13" polyoxocation is the most widely used
The structure of this ion was established by

Johansson 3639 ,using X-ray diffraction of the sulfate and selenate crystals of this
polymeric species. The structure can be described as aslightly distorted Keggin structure,
i.e. it has at its centre atetrahedrally coordinated aluminum which is surrounded by three
distorted A106 octahedra placed around each apex connected with each other by their edges
and vertices.

The aluminum ion [Al(H2O)6] 3

is the predominant ion in aluminum

solutions only at alow pH. If the pH value rises above 3, the ion hydrolyzes to produce
polynuclear forms40 . Potentiometric studies41 suggested the existence of the following
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species: Al[Al2(OH)5](3 ') or simpler complexes [A16(OH)15] 3 and [Al8(OH)2O] 4 with
the ratio r= (
OH)/(Al 3 )limited to 2.5. Mesmer and Baes42 proposed that at low rvalues
either Al2(OH)24+ and A13(OH)45+

or Al2(OH)33+

and A13(OH)36+ were formed while at

higher rvalues the polymeric [A104A112(OH)24(H20)12]

ion formed. Rausch and

Bale43 found using small angle X-ray scattering apolymer with aradius of gyration of 4.3

A(r=

1.5 to 2.25) which they assumed to be the Al13 ion. Akitt et al.

series of

27 A1

[Al(H2O)6]3

52

performed a

NMR studies and concluded that the peak at 63 ppm with respect to
is due to the tetrahedral aluminum in the Al13 ion. The signal due to

[Al(H2O)6] 3 could not be detected because of astrong quadrupole coupling constant
which causes the line to broaden. However, at elevated temperatures aweak and broad
signal at 0ppm due to this distorted octahedrally coordinated Al 3 could be noticed. It was
concluded that the products of the hydrolysis of A13+ are mononuclear species as well as
the dimeric and polymeric A113 species. Combined

27A1

NMR and potentiometric studies

by Bottero et al. 40 '
53 suggested that the amount of A113 formed during the hydrolysis of
Al 3 depends to alarge extent on the rvalue (OH/Al ratio). The solution also contains
monomeric [Al(OH)x(H2O)6](3 ) and dimeric [Al2(OH) x(H2O)10 x](6 ) species above r
values of approximately 2.1.

Plee et al. showed by using

27 A1

MAS-NMR that the

pillaring species is indeed the Al13 polyoxocation.
More recent studies of the hydrolysis of gallium revealed the existence of new
polymeric species which can be further used for preparing pillared clay minera1s 5460 .It
could be shown that the hydrolysis of aqueous
isostructural to the Al13 ion.
ppm (w.r.t. [Ga(H2O)6]3

71 Ga

Ga3+

solutions results in apolyoxocation

NMR studies of this ion exhibit achemical shift at 172

at 0ppm) which is in the region for tetrahedrally coordinated

gallium, suggesting that it arises from gallium in aposition structurally analogous to the
central tetrahedrally coordinated aluminum in [A104A112(OH)24(H20)12}

7.

The size of
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this cation was determined by measuring the dool basal spacing of montmorillonite pillared
with it. The gallery height of this Ga13 ion, [GaO4Ga12(OH)24(H20)12]
be 9.4

Amaking

was found to

it about 5.6% larger than the analogous aluminum tridecamer which

correlates well with the theoretical value calculated from geometrical considerations. NMR
studies showed that the Ga13 ion seems to be much less stable in solution than the Al13
ion 57,59
The combined hydrolysis of aluminum(III) and gallium(III) solutions has resulted
in the formation of a very stable polyoxocation which can be described as
[GaO4A112(OH)24(H20)12] 7+, structurally analogous to the A113 and Ga13
polyoxocations54 '
55 . Prior to hydrolysis the aqueous metal solutions were mixed in an
Al:Ga mole ratio of 12:1. The structure of this ion was determined by

71 Ga

and

27 A1

NMR, clay mineral pillaring studies, as well as by X-ray diffraction of its selenate salt60 .
Gallium occupies the central tetrahedral position and is surrounded by twelve octahedrally
coordinated aluminums. The sharpness of the lines in the solid state MAS NMR spectra of
the GaAll2 suggests that this structure is less distorted than the structure of the Ga13 ion.
Johansson38 reported the crystal structure of the A113- sulfate salts to be distorted inward.
This suggests that replacing the central tetrahedral aluminum of the ICeggin-like ion with a
slightly larger metal cation, such as gallium(III), might result in abetter fit. It has been
suggested that the less disordered structure resulting from this substitution is the reason for
the extremely high thermal stability of the GaAll2 species 54 '
56 '
59 . Hence the
[GaO4All2(OH)24(H20)12]
[AlO4All2(OH)24(H20)121

'

7

ion forms preferentially over the analogous

or [GaO4Ga12(OH)24(H20)12]

'

ions and has alonger

lifetime in solution at elevated temperatures. A comparison of the thermal stability of Al13-,
Ga 13
-,
and GaAl1-pillared montmorillonite has been made58 .The thermal stability of the
pillared clay minerals follows the order Ga13-montmorillonite < A113-montmorillonite <
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GaAll2-montmorillonite which corresponds to the stability of the polyoxocations in
solution.

1.2.2.2 Catalysis by Pillar Interlayered Clay Mineral Catalysts 22 '
24
Pillared clays are materials which have found awide variety of applications. The
properties of the pillars can easily be altered and hence the size, the shape of the pores, the
chemical composition and thus the chemical properties may be varied over wide ranges. As
described before, clays originally found their main application in the petroleum industry but
more active alumina and zeolite based catalysts subsequently replaced them. With the
development of thermally stable pillared clays they found their way back into fuel-related
processes. This section will discuss some of the main processes in which PILCs have
been investigated as catalysts.

Hydrocarbon Cracking
Vaughan et al. 27 reported the first example of the application of pillared clays as
hydrocarbon conversion catalysts for the catalytic cracking of petroleum.
It has been shown, that alumina-pillared and titania-pillared montmorillonite were
more active than Y-zeolite for the dealkylation of a1ky1aromatics6163 .The higher activity
of the pillared clay catalysts has been explained in terms of larger pore sizes, hence
allowing bulky molecules access to the active sites on internal surfaces of the catalyst. The
large pores are adisadvantage in some reactions, however. PILCs do not have the shape
selectivity of zeolites when cracking relatively small or linear molecules.
The catalytic activity and product selectivity of PILCs not only depends on the type
of pillar or pore sizes but also on the nature of the clay mineral used for pillaring. Poncelet
and Schutz M reported alumina-pillared beidellite to be more active for cumene cracking
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than alumina-pillared montmorillonite. This would be expected because of the higher
acidity of beidellite in which the layer charge is due to tetrahedral substitution.
The utilization of pillared clays for the cracking of heavy hydrocarbons has
concentrated on the processing of gas oils, i.e. b.p. 300-500° C. The problem with pillared
clays is their propensity to coke more than zeolite catalysts because the larger pores can be
more readily blocked by coke particles. However, in cracking PILCs show slightly lower
gasoline yields but ahigher octane number than rare earth Y-zeolites. Pillared clays seem
to be possible catalysts for the development of cheap processes resulting in higher octane
numbers 23 . The careful control of the acidity might be apossible route to control the
coking problem.
The current interest in pillared clays is largely directed towards their use as shape
selective heterogeneous catalysts and their properties as petroleum cracking
cata1ysts 23 '
6567 .Gasoline yields obtained with PILCs are significantly larger than those
attained by amorphous silica alumina catalysts. In current commercial use pillared clays are
competitive with zeolites with regard to their shape selectivity 65 .

Alkylation and Disproportionation
The alkylation of toluene with methanol has been carried out using an aluminapillared synthetic saponite with the selective formation of p-xy1ene 68 .The same reaction
using ZSM-5 catalysts yields xylene isomers in the thermodynamic equilibrium
distribution. It has been suggested that the restricted transition state shape selectivity of the
Al-PILC clearly changes the product distribution from that26'69'70.
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Polymerization
The oligomerization of propene has been carried out using pillared clays and P1LCs
seem to be less active than zeolites though they exhibit ahigher selectivity for hydrocarbons
in the gasoline boiling point range.
C3H6 -> alkanes + alkenes + aromatics
It was found that a mixed alumina/zirconia-pillared clay in comparison to its
alumina-pillared analogue is more resistant to coke and also gives rise to high octane rating
aromatics at low temperatures71 .
Restricted transition state selectivity also seems to be an important factor in the
oligomerization of oleic acid to yield dicarboxylic acid using montmorillonite cross-linked
by (CH3)4N.

A high layer charge facilitates a high pillar density thus inhibiting

oligomerization.

Conversely, a low layer charge affords a larger pore volume thus

promoting dimerization or oligomerization reactions72 .

Methanol Conversion
The conversion of methanol to hydrocarbons using ZSM-5, amedium sized pore
zeolite catalyst, forms the basis of the Mobil MTG route to synthetic fuels.
MeOH -> alkenes + H20 -> aromatics + alkanes
Occelli found for the conversion of methanol on alumina-pillared clays aproduct
distribution similar to that observed over ZSM-5 rather than Y-zeolite, with asmall quantity
of CH4, about 40% C2H4 and C3H6, and 40% C4 products. Though the initial activity
was high it decreased very rapidly with time and after one hour the main product was
dimethylether73 .
Methanol conversion on alumina- and zirconia-pillared clays has also been noted by
other authors74 '
75 ,
resulting primarily in C2

olefins with 50-65% selectivity.
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Hydrotrearing
Pillared clays can find applications as hydrotreating catalysts, hydrogenating,
cracking and removing heteroatoms, such as sulfur and nitrogen, from heavy feedstocks.
Hydrotreating

catalysts

are

in

general

dual

function

catalysts

where

hydrogenation/dehydrogenation reactions occur on metal centers, such as Ni-Mo or CoMo, whereas cracking reactions occur on acid centres provided by an aluminosilicate3.
Titania-pillared montmorillonite mixed with aNi/W hydrotreating catalyst performs better
in the hydrodenitrogenation of pyridine than acommercial counterpart62'
63 .

Fischer Tropsch Process
Various PILCs, such as ruthenium, iron, and mixed alumina-iron pillared clays,
have been reported to catalyze the Fischer Tropsch process.
nCO + 2nH2 -> CnH2n + nH2O
An unusual selectivity towards branched products was noted. The iron-pillared
clay catalyst showed ahigh selectivity to lower olefins, whereas the ruthenium-pillared
catalyst gave rise to light iso-alkanes. The carbon number distribution in the hydrocarbon
products was different from its theoretical prediction. This unusual selectivity has been
compared to the shape selectivity observed for zeolite-encapsulated metal clusters and has
been attributed to secondary shape selective isomerization or cracking of the primary
Fischer Tropsch products within the pores of the PILC24 '
7679 .

1.3 The Synthesis of Clay Minerals
Clay minerals are some of the worlds most abundant minerals. They can be formed
by alteration of aluminosilicates in weathering or in low-temperature hydrothermal
processes and hence are abundant in soils, sediments, sedimentary rocks and in many
hydrothermal alteration zones. The occurrence of certain types of clay minerals in nature
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allows conclusions to be drawn with regard to their formation, i.e. kaolinite occurs mainly
in soils of humid climates on well-drained slopes where the rich vegetation leaches the
cations quickly away and makes the soil acidic.

Three-layer minerals, such as

montmorillonite, illite, chlorite or attapulgite, on the contrary, can be found in less humid
climates with slightly alkaline soils where the cations are not removed as fast. Thus acid
solutions seem to favor the formation of kaolinite and basic solutions favor the formation of
montmorillonite. The chemical processes involved in the formation of clay minerals have
to be understood in terms of two mechanisms. One way of formation is the so called
neoformation, i.e. the actual precipitation from solution, and the other possibility is the
transformation

of an already existing mineral, commonly a phyllosilicate, which

determines largely the type and structure of the formed clay mineral.
Clay minerals can be defined as the minerals which dominate the fine fraction, i.e.
the < 2pm fraction, of rocks and soils. The most common gangue minerals are quartz,
zeolites, feldspars, carbonates, gypsum, pyrite, and iron oxides, or possibly organic
matter. Therefore, natural clays need to be pretreated in order to remove carbonates,
organic matter and iron oxides, followed by aparticle size separation. These processes are
very time consuming and often it is not possible to separate all non-clay minerals
quantitatively from the smaller clay particles; interstratified and isomorphous impurities are
particularly difficult to remove without causing damage to the clay layers, creating an
interest in the synthesis of clay minerals as means of preparing high purity minerals. Clay
minerals can be synthesized from aluminosilicate gels and glasses.
Clay minerals can be formed by high temperature hydrothermal synthesis or at low
temperatures. From the latter approach the following conclusions of general scope were
drawn 80 .
a)

Clay minerals precipitate from very dilute solutions through the fixation of silica on a
hydroxide sheet.
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b) The hydroxide sheet needs to be layered in order to induce the formation of layered
structures, which requires hexacoordination of the cation.
c) The amount of elements, electrolytes and the pH of the solution determine the type of
clay mineral formed. A solution with ahigh pH value and rich in cations, electrolytes
and silica causes the crystallization of athree-layer mineral of the montmorillonite type,
whereas asolution with alow pH value, little electrolytes, and ahigh concentration of
alumina favors the formation of kaolinite.
d) Aluminum can be readily introduced into the synthetic minerals. At first it will take up
tetrahedral positions and later it can also go into octahedral positions. Lowering the pH
of the solution favors octahedral coordination of the aluminum. Conversely, high pH
values will promote the tetrahedral coordination of aluminum.
e)

Octahedral coordination of aluminum is favored by an increase in the relative
concentration of alumina in the gel.

IT)

Electrolytes hinder the octahedral coordination of aluminum to some extent.

g) Ageing of precursor gels aids rigid, two-dimensional structures.
The synthesis at high temperatures or hydrothermal synthesis, i.e. heterogeneous
reactions in aqueous media above 100° C and 1bar, allows for a synthesis with the
opportunity to vary all parameters continuously. The first clay minerals prepared by these
methods were synthesized by Noll 81 '
82 . More detail with regard to hydrothermal
syntheses can be found in chapter 3. It was shown that at high temperatures, i.e. 300-400°
C, the cations play an important role with respect to the formed clay mineral. Mixed
layered minerals can not be obtained by the coprecipitation of two different minerals but by
the modification of minerals under hydrothermal conditions.
Hydrothermal synthesis mimics the natural formation of clay minerals. Thus it is
important to note that in natural minerals di- and trioctahedral types of one and the same
mineral do not coexist and that the layer charge within each group of minerals has only a
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restricted range of variation. Rabenau 83 reviewed the role of hydrothermal synthesis in
preparative chemistry. In order to prepare aclay mineral by hydrothermal methods agel of
the desired composition has to be prepared. Additives in the gel may increase the rate of
crystallization or direct the synthesis towards the formation of the desired clay mineral. To
induce the crystallization of the clay mineral, the gel is heated in an autoclave under
corresponding water vapour phase pressure. The rate of crystallization depends on the
particle size and the homogeneity of the precursor. A homogeneous precursor of small
particle size will generally crystallize faster.

1.4

Project Overview
Although, as outlined above, much work has been done on Al-pillared

montmorillonite as acatalyst material, much less work has been done on other clays. In
this thesis, the clay mineral beidellite will be investigated and compared to montmorillonite.
Beidellite has atetrahedral layer charge and hence would be of special interest for further
use in catalytic cracking systems. The proximity of the layer charge to the clay mineral
surface is expected to cause pronounced catalytic effects. Some work on beidellite has
been reported by Poncelet and Schutz. They compared the catalytic properties of Alpillared montmorillonite and beidellite for the cracking of cumene, the isomerization of mxylene and the hydroconversion of nheptaneM. Kojima et al. studied the effect of pillaring
montmorillonite and beidellite on the conversion of trimethylbenzenes 84 .The synthesis,
characterization, and catalytic activity of pillared beidellite was also investigated by
Diddams et al

85 '
86

They studied the catalytic activity of pillared beidellite for reactions

such as secondary amine formation, ester production, and ether synthesis. More detailed
discussion of previous studies are given at the beginning of each section in this thesis.
The objectives in this project were to compare montmorillonite and beidellite in the
formation of pillar interlayered clay mineral catalysts. Montmorillonite was obtained from
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natural sources (Source Clay Minerals Repository, University of Missouri) and beidellite
was to be synthesized by hydrothermal methods.
The synthesis of beidellite was of importance as it is arather rare clay mineral and
not readily available commercially. In addition, the high costs of recovering smectites,
which usually have an unreliable quality and alarge variation in impurities cause the
industrial demand for the utilization of natural smectites and their pillared analogues to be
limited.

For example, natural clays always contain some iron which can impose

undesirable catalytic properties 121 .Therefore, one major aspect of this dissertation was to
prepare synthetic beidellite by hydrothermal techniques and investigate the optimum
conditions for its synthesis. Another aspect of the synthesis of beidellite is that it opens a
way to selectively vary its structure. Experiments were carried out to replace some of the
aluminum in the clay sheets with gallium or chromium. This was of interest for further
catalytic studies.
PILCs having microporosity and higher surface areas than unpillared clays are of
particular interest for catalytic applications. Hence the preparation of the All3-, Ga13-, and
GaA112-pillared analogues of beidellite and montmorillonite was an essential part of this
project.
The physicochemical properties of the prepared PILC catalysts were studied with a
variety of techniques. The relative thermal stabilities of the prepared PILCs were studied
using X-ray diffraction and surface area measurements. Furthermore, experiments were
carried out to study the effects of thermal treatment on pillared beidellite; these experiments
include the collection of their 71 Ga MAS NMR and FTIR spectra. Studies were undertaken
to evaluate the micropore size distributions of the pillared clays by using argon adsorption
at liquid argon temperature.

Another objective of the characterization of the

physicochemical properties was the assessment of the surface acidity of the clay minerals
themselves as well as that of their pillared analogues. The acidity studies were performed

chapter

31

using temperature programmed desorption of 2-propanamine and infrared spectroscopy of
pyridine adsorption.
In order to compare the catalytic activity of beidellite and montmorillonite, model
compound catalytic reaction studies were performed. All samples were tested for their
activity in the catalytic cumene reaction. Then selected pillared clays were used as supports
for Ni-Mo catalysts and their catalytic activities for thiophene hydrodesulfurization (HDS)
were compared. Some results from this work which compare the catalytic activity of A113 and Ti-pillared beidellite and montmorillonite have already been accepted for
publication87.
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Chapter 2
EXPERIMENTAL METHODS

2,1

Catalyst Preparation

2.1.1 Synthesis of Beidellite and Beidellite with Isomorphous Substitution
Synthetic Mg-beidellite was prepared using a modified version of the nitrate
decomposition method described by Diddams 86 . Initially aprecursor was prepared by
dissolving 46.52 gAl(NO3)3 ' 9HO and 3.97 gMg(NO3)2. 6H20 in 1000 ml deionized
distilled water. Under stirring, this mixture was then heated to

800

C followed by a

dropwise addition of 37.2 gLudox AS 40 (colloidal silica, 40 %). The gel thus obtained
was allowed to stir until it was homogeneous and then evaporated to dryness. Subsequent
calcination decomposed the nitrates and produced the corresponding metal oxides. The
calcination of this precursor was carried out stepwise by heating the precursor in astream
of air, first for 240 mm. at 200° C, then 360 mm. at 500° C, and finally 480 mm. at 700° C
with aheating rate of 4/min".The quantities of nitrates and colloidal silica were calculated
to get aprecursor with amolar ratio of 2: 8 : 0.5 for A1203 : SiO2: MgO. The calcined
precursor was ground to afine powder, redispersed in deionized distilled water and then
treated hydrothermally for seven days at 350°C and corresponding water vapor phase
pressure (Ca. 16530 kPa). The hydrothermal synthesis was carried out in a300 cm 3
stainless steel autoclave (Autoclave Engineers, model P-419). The pressure was monitored
using apressure gauge made by Weksler Instruments (stainless steel, 100 lb subd.).
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Beidellite with isomorphous substitution was prepared analogously by reducing the
amount of aluminum nitrate and replacing it with either gallium nitrate or chromium nitrate.
Table 2.1 lists the amounts of starting materials needed in order to prepare the gel mixture
and the molar ratios of the various resulting precursors. The precursors obtained were
ground into afine powder, redispersed in deionized distilled water, calcined, and exposed
to hydrothermal synthesis as described above.

2.1.2 Particle Size Separation
2.1.2.1

Montmorillonite
Natural montmorillonite samples (STx-1) were obtained from the Source Clay

Minerals Repository, University of Missouri. The < 2 .Lm fraction was collected by means
of sedimentation from an alkalized suspension of montmorillonite. The fine fraction was
washed three times with 2M HC1 and then neutralized with NaOH. The Na exchanged
form was obtained by washing the suspension three times with 0.5 M NaCl. The chloride
ions were removed by dialysis until the supernatant tested negative with AgNO3.

2.1.2,2

Beidellite

Mg-beidellite and isomorphously substituted Mg-beidellite were prepared
hydrothermally. The beidellite suspensions were placed in an ultrasound bath for about 3-5
minutes to separate any remaining bulky precursor particles from the fine clay particles
which crystallize on the former. The < 2 gm fraction was collected by centrifuging
(6 mm.; 600 rpm).

2.1.3 Ion Exchanged and Pillared Clay Minerals
The qualitative analysis of beidellite required the K, Li, and Ca2 exchanged
forms of beidellite. Therefore, synthetically prepared Mg-Beidellite was washed three
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times with either 1M solutions of KC1, LiCi, or CaCl2, respectively. After the Mg2 had
been replaced with the desired metal ion, the clay suspensions were washed with distilled
water until they were free of chloride (test with AgNO3).
Al13 pillaring solutions were prepared by hydrolyzing 0.1M A1C13 solutions with
0.2M NaOH solutions under vigorous stirring until an A1 3+/OH-molar ratio of about 2.25
was reached. The hydrolyzed solutions thus obtained were placed in awater bath at

600

C

until they turned clear. Ga13 pillaring solutions were prepared similarly using 0. 1M GaCl3
solutions. However, these solutions require more gentle aging conditions and can be
utilized immediately after they were hydrolyzed. GaA1l2 polyoxocations were prepared by
mixing 0.1M AlCl3 and 0.1M GaCl3 solutions in amolar ratio of 12

1, and then

hydrolyzing until amolar ratio of OH/Al 3 of 2.25 was reached. These solutions require
heating under reflux for approximately 2days until the GaAl12 polyoxocations form.
The polyoxocation containing solutions were stirred into approximately 1wt%
suspensions of either Na-montmorillonite or Mg-beidellite until loadings of 10 meq M 3 /g
clay mineral were reached (these calculations were carried out under the assumption that the
metals were still present as M 3 ). The clay suspensions with the added polyoxocations
were allowed to stir for several hours at room temperature and then washed several times
with distilled water to remove chloride ions (test supernatant with AgNO3).

The

suspensions of pillared clays thus prepared were air dried on glass plates and then calcined
for 4hours at 500° C.

2.1.4 Ethylene Glycol / Glycerin Solvatioij
A glass slide with an air dried clay sample was placed in adessicator containing
ethylene glycol or glycerin.

The vacuum pressure was reduced to 93 mm Hg.

The

dessicator was then placed in an oven at 65° C and left there for 2hours (ethylene glycol
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solvation) or overnight (glycerin solvation). After the solvation was completed the slide
was taken out of the dessicator and allowed to stand for 1hour before it was X-rayed. The
glycerin solvated samples should not be left too long before X-raying as the glycerin will
evaporate.

2.1.5 Chemical Analysis of Synthetic Beidellite Using ICP
The clay samples were acid digested in sealed containers using pressure controlled
microwave heating. A sample of about 0.2 gwas taken up in amixture of 3ml HNO3 (70
%), 1ml HO (37 %), and 7ml HF (48 %). This mixture was heated in pressure sealed
vessels in acommercial microwave digester (CEM Microwave Sample Preparation System,
MDS-2000) until apressure of 80 psi was reached and left at this pressure for 10 minutes.
In asecond step 50 ml of asaturated boric acid solution was added to the digestion mixture
to remove excess flouride and prevent the loss of Si as SiF4. The vessel was placed back
into the microwave system until apressure of 50 psi was reached and left at this pressure
for 5minutes.
The digested clay solutions thus obtained were analyzed using ICP (Inductively
Coupled Plasma) Analysis on an Atom Scan 16, Thermo Jarrell Ash Instrument.
Concentrations were obtained from calibration curves (commercial standards) after
correcting for the reagent blank. The following wavelengths were used for the analysis: Al
(309.271 nm and 308.215 nm), Si (288.158 nm and 212.412 nm), Mg (279.079 nm), Ca
(396.847 nm), Cr (267.716 nm), Fe (
259.940 nm and 238.204 nm), Ga (294.364 nm and
417.206 nm).

2.1.6 Preparation of PILC supported Ni

Mo. and Ni-Mo Catalysts

The PILC supported NiO, MoO3, and NiO-MoO3 catalysts were prepared using the
method of incipient wetness.

The necessary amounts of Ni(NO3)2.6H20 and
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(NH4)6Mo7O24.4H20 were dissolved in 1ml of distilled water and then added to 1gof
PILC to give loadings of 3wt% NiO and 15 wt% MoO3, respectively. The samples were
air dried at room temperature for 6hours before being dried in an oven overnight at

1300

C.

The conversion of the metal salts to the corresponding metal oxides was carried out by
heating the samples at

40

C/min to 500° C and then holding this temperature for 4hours.

2.2 Catalyst Characterization
2.2.1 Powder X-ray Diffraction
Powder X-ray diffraction patterns were recorded using Cu K
1.54059

radiation

(?.

=

A) on aScintag XDS 2W X-ray diffractometer. The diffraction patterns were

recorded using astepping time of 2seconds and astepping angle of 0.02°.
The samples were analyzed using either the glass slide method (clays and pillared
clays) or the random powder mount (beidellite precursors).

The glass slides were

produced by spreading small quantities of clay or pillared clay suspensions on a
microscope slide and leaving it to air thy, thus developing preferentially-oriented thin films.
The powders were finely ground before they were placed in the sample holders.
The evaluation of the relative thermal stabilities was carried out by spreading thin
layers of PILC suspensions on quartz slides. These quartz slides were heated and the dooi
basal spacings were measured after each heating step.

2.2.2 Scanning Electron Microscopy and Electron Probe Microanalysis
The morphology of synthetic beidellite was examined using Scanning Electron
Microscopy (SEM) on aCambridge 250 microscope operated at 20 W. The powders were
supported on carbon stubs. Quantitative elemental analysis (±5-10%) was done using the
Ka lines of Al, Si, Mg, Ca, Ga, and Cr on the Kevex facility in the SEM.
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2.2.3 FT-JR Studies
FT-JR analyses were carried out on aMattson 5000 FT-IR spectrometer. 0.5 mg of
sample were ground in 100 mg KBr and pressed into pellets (70,000 kPa, 5mm). The
spectra of the clays and pillared clays were run with aresolution of 1cm -1.
The FT-IR spectra for the adsorption of pyridine were recorded on aNicolet 8000
FT-JR spectrometer, at 2 cm -1 resolution, using a liquid nitrogen cooled MercuryCadmium-Telluride (MCT) detector. Approximately 10-20 mg of powdered sample ( 100200 mesh) were pressed into self-supporting wafers (70,000 kPa for 20 mm). The wafers
were pretreated in avacuum cell at 450° C for at least 2hours and exposed to 0.5 atm of
oxygen at this temperature for 30-60 minutes. The cell was then evacuated, filled with
fresh oxygen (
0.5 atm) and heated overnight at 450° C. After the oxygen was pumped out
for 2hours at 450° C the samples were allowed to cool while still under vacuum and the
spectra of the clean pellets were collected. The pyridine adsorption was carried out by
exposing the wafers to pyridine vapors for 1minute at 100° C. The excess pyridine was
pumped out for 1hour at 100° C and the vacuum cell containing the samples was left to
cool to room temperature before the spectra were collected.

2.2.4

27 A1

and

71 Ga

Solid State MAS NMR Studies

The

27 A1

(78.2 MHz) and

71 Ga

(
91.5 MHz) solid state MAS NMR spectra were

collected on aBruker NMR spectrometer, model AMX2-300 (7T). The chemical shifts
reported in this thesis are with respect to Ga(H2O)63 and Al(H2O)6 3 solution signals.
The

27 A1

spectra were collected (8000 scans) using 2.1 .Lsec pulses ( 90°), 1second

recycle delay and spinning rates of 10 kHz. The conditions for the

71 Ga

spectra were

varied, however best results were obtained using 0.8 l.Lsec pulses (35°), 0.5 seconds
recycle delay and spinning rates of 8kHz. The number of scans were varied between
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850,000 and 2,190,000 for Mg-beidellite (Ga/Al=0.15) and Mg-beidellite (Ga/Al=0.05),
respectively.

2.2.5 Surface Area Measurements
Surface area measurements were carried out either using aMicromeritics high speed
surface area analyzer or the ASDI RXM-100 catalyst characterization system, after
pretreating the samples under vacuum for 30 minutes at 200° C. Both instruments use the
BET method for the analysis of the experimental data. The physical adsorption of nitrogen
was carried out at liquid nitrogen temperature. However, the Micromeritics high speed
surface area analyzer measures only one point whereas the ASDI RXM-100 system can
obtain several points on the adsorption isotherm (usually four points were obtained).
The different instruments require different amounts of sample. Measurements on
the Micromeritics instrument were performed with approximately 200 mg of sample. The
ASDI instruments operates with smaller sample sizes, viz. 30-40 mg.

The absolute

accuracy of each surface area measurement is estimated to be ±5% of the stated value,
although the reproducibility is better than that.
The estimate of the relative thermal stabilities of pillared beidellite also involved the
measurements of surface areas after each heating step. The thermal stability studies were
carried out on the ASDI RXM-100 catalyst characterization system. For this purpose 30
mg of pillared beidellite was placed in the ASDI system, evacuated and then heated under
vacuum for 4 hours at the corresponding temperature before the surface areas were remeasured.
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2.2.6 Micropore Size Distribution Measurements
Micropore size distribution measurements were performed using the ASDI RXM100 catalyst characterization system by adsorbing argon at liquid argon temperature. The
samples were previously degassed for 30 minutes at 200° C.
The sample amounts employed were calculated so that all samples had atotal
surface area of approximately 17 m2 (sample weight [g]

=

17 m2 / specific surface area in

m2/g). The adsorption of argon was carried out between aminimum pressure of 0Ton
and amaximum pressure of 20 Ton and about 50-60 data points were obtained.
Micropore size distributions were obtained using the Saito-Foley model 88 (see
discussion in section 4.2.1) and the software provided by ASDI. The following physical
parameters were utilized for the determination of the pore sizes:

Table 2.2:

Physical Parameters of Argon and the Oxide Anion for
Calculated Pore Sizes 88,,.

Physical Parameter
diameter
surface density

Oxide Anion

Argon

0.276 nm

0.336 nm

1.31x10 15 molec/cm2

8.52x10 14 molec/cm2

magnetic susceptibility

1.3x10

29

cm3

3.25x10

29

cm3

polarizability

2.5x10

24

cm3

1.63x10

24

cm3

2.2.7 Temperature Programmed Desorption Studies
Temperature programmed desorption studies were carried out utilizing the ASDI
RXM- 100 catalyst characterization instrument with abuilt-in mass spectrometer (UTI 100C
precision mass analyzer).
Samples of 30 mg mass ( 100-200 mesh) were placed in areactor and pretreated for
half an hour at 400° C under high vacuum ( l0

Ton). The samples were then allowed to
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500

C. This temperature was maintained for the adsorption of 2-propanamine while

the adsorbent itself, which was also placed in the vacuum system, was therinostatted in an
ice bath at 00 C. The adsorbent was allowed to diffuse onto the sample for 5minutes with a
vapor pressure of about 192 Torr. The excess of 2-propanamine was pumped out for 20
minutes at 50° C. After the adsorption step the carrier gas (helium) was passed through the
sample reactor with aflow rate of 50 ml/min before the actual desorption was initiated. The
TPD was carried out from 50° C to 600° C while the carrier gas continuously removed the
desorption products from the sample reactor. A small quantity of these products was
leaked into the mass spectrometer (5x10

6

Ton) for the analysis of the decomposition

products. The following masses were monitored throughout the experiment: m/e=16, 17,
18, 41, 58, 59.
The results reported in chapter 4only utilized the peaks observed for m/e=16, 41,
and 58. The relative response factors were calculated using the tabulated intensities of all
the fragments of each of the desorption products 89 .Thus the relative response factor (rn)
can be expressed as follows:

rrfa =

IIA
la

lila
'A

:relative response factor for fragment " at"
:sum of intensities of all fragments of molecule " A"

'a : intensity of fragment " a" of molecule " A"

Table 2.3 lists the relative response factors used for the decomposition products
analyzed.
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Relative Response Factors for TPD Decomposition Products
molecule

mass to charge ratio

relative response factor

ammonia

16

2.34

propene

41

3.1

2-propanamine

58

24.05

It was noticed that the desorption temperature for aparticular peak in the TPD
profiles can vary substantially (as much as 20-40° Q.

Therefore, the desorption

temperature as ameasure of the acid strength was only rarely used in the discussion of the
TPD results, i.e. only if differences between samples larger than the variance were noticed.
These differences in desorption temperature are surprising and unexpected as the design of
the experiment aimed at eliminating these types of errors by using exactly the same amount
of sample (30 mg), the same mesh size ( 100-200 mesh), the same heating rate ( 10° min-1)
during the desorption step and the same flow rate of the carrier gas (helium; 50 ml min -1).
One explanation which could be offered is related to the position of the thermocouple in the
furnace. The furnace was raised mechanically which might cause the sample reactor to be
closer or further away from the walls of the furnace and hence would change the position
of the thermocouple with respect to the reactor. However, the relative positions of the
desorption peaks m/e=16 and m/e=41 to each other in the 300° C region of the TPD profile
were found to be quite reproducible (only 2-6° C variance). The desorption of ammonia
and propene are coupled in this region with propene desorbing slightly before ammonia.
The discussion of the TPD results was mainly based on the peak areas for desorbed
ammonia and propene. Even though these peak areas were found to vary by as much as
10-20% for aspecific peak for various runs of the same sample, the changes in peak areas
between different samples were significantly greater than the error involved. Therefore, the
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peak areas can serve as ameasure to compare the surface acidities and reveal trends
between the various samples examined.

2.2.8 Carbon Analysis of Spent Catalysts
The amount of elemental carbon on the spent catalysts was determined using a
C.E.C. 440 Elemental Analyzer in the Analytical Services Laboratory in the Department of
Chemistry, The University of Calgary.

This instrument has an absolute precision

of ±0.3%.

2.3 Catalytic Work

-

Model Compound Studies

2.3.1 Cuniene Reaction
The catalytic cumene reaction studies were carried out in a stainless steel,
continuous flow, fixed bed microreactor. The catalyst samples were activated at 500° C for
90 minutes in helium gas at aflow rate of 30 ml/mi n
.
Before the catalytic cumene reactions were started gas chromatograms of the
unreacted cumene were obtained to determine the amounts of impurities, which were then
subtracted from the product areas.
The catalytic reaction was carried out at atemperature of 400° C. Cumene vapors
were passed through the reactor from apresaturator held at 15° C in astream of helium with
aflow rate of 30 ml/mi n
.The reactor (15 mm i.d.) contained 0.150 gcatalyst ( 100-200
mesh) sandwiched between layers of quartz wool.
The products were analyzed every 20 minutes for a duration of 4 hours by
automatic injections into the gas chromatograph (Hewlett Packard 5890) equipped with a
TCD detector; column:

10 m length x0.53 mm W. xof 2.0 .tm film thickness, 50%

phenylmethyl polysiloxane. This column could not resolve propane and propene as they
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pass through very rapidly and thus they are not reported here. The temperature program
used for the separation of the products is shown in Table 2.4.

Table 2.4:

Temperature Program Used for the Separation of Cumene
Reaction Products

Temperature Program

Setpoint

Initial Temperature

50° C

Initial Time

2mm

Heating Rate

5° min

Final Temperature

100° C

Final Time

6mm

The gas chromatography results obtained were then used to calculate the per cent
yield of the individual products as well as the total cumene conversion using the following
equations, where "rrf" signifies the relative response factor and "area" the GC peak area.

Yield of Product A

=

Cumene Conversion

=

Area of

x rrf

(Area of Aromatics xrrf) (excluding cumene)

(Area of Aromatics x ri-f) (excluding cumene)
(Area of Aromatics x rrf) (including cumene)

The relative response factors (rrf) for each of the compounds are listed in Table 2.5
along with their retention times, i.e. their appearance in the gas chromatogram.
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Table 2.5:

Retention Times and Relative Response Factors for Cumene
Reaction products
molecule

retention time [
mm]

relative response factor

benzene

2.67

1.371

ethylbenzene

6.72

1.058

cumene

8.39

1.000

a-methyl styrene

10.76

1.106

Chapter 4also reports the deactivation of the catalysts used which was calculated as
expressed in the following equation.

Deactivation

=

(
Conversion after 20 mm

-

Conversion after 4hours)

(Conversion after 20 mm)

2.3.2 Thiophene HydrodesuIfurizatioil
Selected pillared clay samples were impregnated with 3 wt% NiO and 15 wt%
MoO3 for HDS studies. The reactor used was the same as for cumene reaction but this
time the presaturator contained thiophene rather than cumene. The same presaturator,
activation and reaction temperatures were used. However, the activation was carried out in
astream of 10% H2S /H2 in order to sulfide the catalysts studied whereas for the HDS
experiments the carrier gas was H2.
The products were analyzed every 15 minutes by the on-line gas chromatograph for
aduration of 4 hours. The major products are C4 hydrocarbons as listed in Table 2.6.
These products can not be separated (same retention time) since they have very similar
detector responses. Therefore, the conversion of thiophene was calculated as follows:
100

-

% thiophene product stream = % C4 products
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Table 2.6 summarizes the various C4 products along with their retention time and absolute
response factors.

Table 2.6:

Retention Time and Absolute Response Factors for Thiophene
HDS Product
molecule

retention time
[min]

absolute response factor
mol/area [x1044 ]

thiophene

4.30

5.75

butane

1.43

0.12

1-butene

1.43

0.13

cis-2-butene

1.44

0.13

trans-2-butene

1.44

0.13

The reproducibility of the thiophene conversion was calculated to be ±3% of the
reported values.
Table 2.7 lists the parameters and their setpoints used in the temperature program to
separate the thiophene HDS products.

Table 27:

Temperature Program Used for the Separation of Thiophene
HDS Products

Temperature Program

Setpoint

Initial Temperature

50°C

Initial Time

9mm

Final Temperature

50°C

Final Time

6mm
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Chapter 3
CATALYST PREPARATION

3.1 The Hydrothermal Synthesis of Clay Minerals
3.1.1 Introduction
The synthesis of clay minerals has been of interest to scientists for approximately
60 years. At first their synthesis was mainly of interest from ageological point of view, in
order to understand natural processes taking place and to challenge nature by preparing clay
minerals artificially. Later the preparation of clay minerals also gained the attention of
chemists as it was found that they could be used as cracking catalysts for gasoline
production, cf. chapter 1. The use of clays as heterogeneous catalysts created ahigh
demand for such matter. Recently, the development of pillared clays as catalysts and
catalyst supports has also increased the interest in clay minerals.

In comparison to

traditional zeolite catalysts, clay catalysts have the advantage of adjustable pore sizes.
Pillaring props the clay layers apart and this way molecules that would be too large to fit
within atypical zeolite cage can be accommodated.
Noll

81,82

was one of the first scientists to develop controlled conditions for the

hydrothermal synthesis of clay minerals, i.e. kaolin minerals and montmorillonite. He
noticed that the alkaline environment which favors the formation of montmorillonite is
controlled by the presence of cations of alkaline or alkaline earth metals. Ewell and
Insley 9°also are among the pioneers in the synthesis of beidellite by hydrothermal
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techniques. They found the stability range of beidellite to be between

3500

C and 390° C

under autogenic water vapour pressure.
Some of the most significant background work was done by Roy et al. 9196•
Although this work does not represent the most recent findihgs in the field of hydrothermal
synthesis of smectites it is of fundamental importance and will be given in some detail.
Roy and Osborn

92

undertook a fundamental approach to study the temperatures of

formation as well as the perimeters of the stability of some clay minerals by studying the
phase equilibrium relationships in the system A1203-SiO2-H20. Beidellite was obtained
from 1:4 A1203:SiO2 gels within atemperature range from 200°-420° C under varying
water vapour pressure. Roy and Roy

94

continued with further studies of the synthesis and

the stability of minerals such as beidellite (which they called "pure A1-montmorillonite"), in
the system MgO-AlO3-SiO2-H2O by describing the phase equilibria in terms of
composition triangles. Montmorillonite forms avariety of species in the temperature range
of about 350° C or lower. The upper stability limit of montmoriulonite was determined to
be 420° C but by substituting magnesium into the lattice it can be increased by 60°. Roy
and Sand

95

report the synthesis of beidellite from an A1203-SiO2-H20 phase under

systematic additions of Na and Mg and Ca. Karsulin et al.

97

also synthesized aseries of

Mg- and Na-monimorillonites/beidellites of varying chemical compositions; these materials
derive their layer charges from tetrahedral as well as from octahedral substitutions. These
clay minerals were then used to determine the exchange capacity, X-ray structure, thermal
behaviour and the amount of tetrahedrally coordinated aluminum. Koizumi and Roy 91
carried these studies further to find out whether beidellite exists with widely varying
exchange capacities and which of the phases used for the synthesis were stable at certain
pressures and temperatures. A series of beidellites was prepared with cation exchange
capacities ranging from about 35-120 meq/100 gof clay.
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More recent examples of clay mineral syntheses include the synthesis of smectite
from volcanic glass at low temperatures by Tomita, Yamane, and Kawano
Huang

99

investigated the effects of octahedral Mg2

hydrothermal illitization reactions.

Miyawaki et al.

100

and Fe 3

98•

Güven and

substitutions on

looked into the hydrothermal

synthesis of kaolinite in the system A1203-SiO2-H20 to find out about the inhibitory effects
of additional ions in the formation of kaolinite.
Recently the synthesis of saponite seems to have gained more attention. Kloprogge
et al.

101

developed a synthesis for the preparation of ammonium-saponites, because

saponites are supposed to have ahigher thermal stability than other smectites. They also
thoroughly studied the synthesis of Na-beidellite

102,103,

The stability field of Na-

beidellite is presented in the system Na2O-A1203-SiO2-H20 as afunction of pressure,
temperature, and sodium and silicon activity. The formation of beidellite is restricted to a
temperature range between

3004500

C at pressures below 2kbar. Kaolinite is the main

product below 300° C whereas paragonite accompanied by quartz and cristobalite are the
major products above 500° C. This group also investigated the dehydration properties of
synthetic Na-beidellite by means of 23 Na and
thermogravimetric analysis (TGA, DTA)

27 Al

104•

MAS-NMR, heating stage XRD, and

Diddams et al.

85,86

investigated the

synthesis, characterization, and catalytic activity of beidellite-montmorillonite layered
silicates and their pillared analogues for secondary amine formation from cyclohexylamine,
ester production from hex-1-ene and acetic acid, and ether synthesis from pentanol.
Synthetic beidellite showed an intriguing catalytic activity with selectivities very different
from montmorillonite. The recent patent literature also provides avariety of examples for
the preparation of synthetic beidellite clays for use as catalysts in hydrocarbon conversion
processes 105109•

Holmgren prepared a novel beidellite clay for use as a cracking,

hydrocracking, or alkylation catalyst 106 . It was also possible to prepare a fluorided
beidellite clay mineral catalyst

107,109.

Fluoride replaces some of the hydroxyls and can
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generate Brønsted acid sites and strengthen Lewis acid sites because of its high
electronegativity. This increase in acidity enhances the effectivity of cracking catalysts. A
pillared clay (beidellite or hectorite) having fluorided pillars was also reported

108•

Another

approach to vary the catalytic activity of the clay support was by substitution of aluminum
with gallium and silicon with germanium

105 .

The resulting clay mineral has its d060

reflection at 1.52 A. For dioctahedral clay minerals, such as beidellite and monimorillonite,
the dij reflection should show up at 1.48-1.50

A and

trioctahedral smectites, such as

saponite and hectorite, should have their d060 reflection at 1.53-1.55
Reynolds

5

reported the

d060

A

110 .

Moore and

reflection for saponite and hectorite at 1.52A and

1.53A

respectively.

3.1.2 Syjthesis of Beidellite
3.1.2.1

Tke

Preparation and Identification of Synthetic BeideHite

After the hydrothermal synthesis was carried out as described in section 2.1.1, the
products were examined by means of powder X-ray diffraction. In Figure 3.1 are shown
the results of this synthesis carried out under different conditions in order to establish the
optimum conditions for the preparation of beidellite. The precursor 86 was formed from a
gel and has amole ratio of 8SiO2 / 2Al2O3 / 0.5 MgO. Its XRD powder pattern (Fig.
3.1 a) shows abroad amorphous hump centered at = 4 A. It was investigated whether
stirring or not stirring the precursor gel during reaction will influence the product formed.
As can be seen from the XRD results both methods gave rise to the same clay mineral (Fig.
3.1c, 3.1d). All further syntheses were therefore not stirred during reaction to avoid
possible contamination from the stainless steel stirrer. Syntheses were carried out for a
duration of 3days, 5days, and 7 days. After 5 days beidellite has formed but it still
contains considerable amounts of precursor. These time studies showed that the optimum
length of reaction is 7days. Diddams

86

utilized 300° C and the corresponding water
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vapour pressure (8591 kPa or 1246 psi) for the hydrothermal synthesis. Though this
reaction temperature results in the formation of beidellite, it was found that varying the
reaction conditions to

3500

C /16500 kPa (2400 psi) causes afaster crystallization and

higher yield of the clay mineral
stainless steel autoclave at

3500

103 .

Hence all hydrothermal syntheses were carried out in a

C and corresponding water vapour pressure for aduration

of 7days. Table 3.1 summarizes the observed
which agree well with the reported values

dhkl

values for the prepared clay mineral,

110 .Although

the X-ray results show that aclay

mineral has formed, beidellite and montmorillonite have similar powder patterns. Further
tests had to be carried out to clearly identify which clay mineral it is.

Table 3.1: X-ray Powder Data for Mg-beidellite; Assignment Based on
Brindley and Brown 110

[
A]

hkl

Intensity

14.77

001

100%

7.31

002

<0.01%

4.89

003

2.1%

4.47

020, 110, 021

0.8%

3.64

023

0.2%

2.93

024

0.3%

2.54

200, 130, 201, 202

0.2%

2.08

041,042

<0.01%

1.68

240, 310, 150,241, 242

<0.01%

1.49

060,330

0.1%

dhkl

Clay mineral species can be identified by observing and comparing spacings and
intensities of peaks of XRD traces under certain specific conditions. Smectite is simply
recognized by comparing its air dry and ethylene glycol solvated XRD pattern. If the clay
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mineral has divalent cations (e.g. Mg2 )in its exchangeable position the d001 peak appears
at 14-15

A(moderate humidity).

Upon glycol treatment this peak shifts to about 17-18

A

because of the swelling abilities of smectites.
Both smectites and low-charge vermiculites give a two-layer complex upon
solvation with ethylene glycol, i.e. 16-17

A.

However, only smectites will swell in the

presence of glycerin and thus the only distinctive way to differentiate between smectite and
vermiculite is the solvation of the Mg2 exchanged form of the synthetic clay mineral with
glycerin.
After the hydrothermal synthesis was carried out powder XRD patterns were
obtained to confirm the formation of beidellite. Figure 3.2 clearly shows that the clay
mineral prepared has swelling properties. The XRD pattern of the Mg2 exchanged form
of synthetic beidellite is shown in Figure 3.2a; the basal spacing of Mg-Beidellite was
found to be 15.2

A.

The

døi

basal spacing of the K exchanged species of beidellite was

found to be accordingly smaller and resulted in abasal spacing of 12.3

A(Fig.

3.2d),

which corresponds to only one layer of hydration. Upon solvation with ethylene glycol
and glycerin the d ji
- basal spacing increased to 17.2

Aand

17.6 A, respectively (Fig. 3.2c

and 3.2b). Since the synthetic clay mineral shows swelling behavior for ethylene glycol as
well as for glycerin it must be amineral of the smectite group.
The position of the

d&j

reflection also indicates the formation of adioctahedral or

trioctahedral clay mineral, cf. section 3.1.1. These peaks are usually not very strong but
can be sufficiently resolved. In comparison to the aand ccell dimensions the bparameter
is abetter indicator of the size of the cations and the site occupancy of the octahedral sheet.
The prepared clay minerals have their dgJØ reflection at 1.49A confirming that they must be
dioctahedral in nature5. All that remains is to differentiate between beidellite and
montmorillonite, the two end-members of the dioctahedral sub-group of smectites.
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Figure 3.1: XRD Powder Patterns of Beidellite formed under Varying
Hydrothermal Conditions: (a) precursor; (b) 3 days;
(c) 5 days, stirring; (d) 5 days, no stirring; (e) 7 days
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(d)

(c)

(a)

5.0

10
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25
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Figure 3.2: XRD Powder Patterns Obtained for the Qualitative Analysis of
Beidellite: (a) Mg 2

saturated, air dry;

(b) Mg-Beidellj te, glycerin; (c)Mg-Bei dell ite, ethylene glycol;
(d) K

saturated, air dry
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3.1.2.2 The Greene- Kelly Test
The Greene-Kelly test was used to distinguish between the formation of beidellite
and montmorillonite' 11 '
112 .In this test, aLi+ saturated sample of the clay is prepared and
the d001 reflection observed at room temperature, after heat treatment and after solvation
with ethylene glycol. In the case of beidellite, the layer charge is situated in the tetrahedral
sub-layer. If the sample is heated the Li' will migrate into the tetrahedral sheet to neutralize
the charge. After the heat treatment the Li+ remains accessible to the interlamellar region
(i.e. it can migrate out again) and hence the layer charge will not be reduced and the ability
to swell is retained. Conversely, montmorillonite has its layer charge originating in the
octahedral sheet. During the heat treatment the small Li ion can migrate into the octahedral
sub-layer and permanently neutralize the layer charge. The lithium ions are not available to
the interlayer space anymore. This transforms montmorillonite to apyrophyllite-like
mineral which no longer has the ability to swell; its dool reflection remains at

10 A, even

under "swelling" conditions.
Figure 3.3 presents the results of the Greene-Kelly test. The døi reflection of the
Li

exchanged air dried sample appears at 12.4

after heating it for 17.5 hrs at

2500

A(Fig.

3.3c). This peak shifts to 9.7

A

C due to dehydration (Fig. 3.3a). Ethylene glycol

solvation causes this peak to shift then to 17.2 A, i.e. it retained its capability to swell (Fig.
3.3b). Therefore the clay mineral which has been synthesized must be beidellite.

3.1.2.3 Purification of Synthetic Beidellite
Morphology studies using Scanning Electron Microscopy (SEM) show precursor
particles of about 200-350 Lm in size (Figure 3.4a). After hydrothermal synthesis the
formation of small particles on the surface of the precursor can be observed (Figure 3.4b).
A particle size separation was used in order to separate the beidellite from the unreacted

12.44 A
17.16 A

Li+ saturated, 17.5 h@250 C

Li+ saturated, ethylene glycol

Li+ saturated, air dry

5:0

I

I

I

I

I

I

io

I

I

I

I

25

2-Theta

Figure 3.3: XRD Powder Patterns Obtained for the Greene- Kelly Test

I

30
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precursor, cf. section 2.1.2.2. The < 2p.m fraction was obtained by the centrifugation
method and as can be seen in Figure 3.5 the larger particles have disappeared. The results
of this particle size separation are summarized by X-ray diffraction. Figure 3.6a presents
the X-ray powder diffraction pattern of the raw product. It shows an underlying broad
amorphous hump centred at = 24° (28) which is due to unreacted precursor. The pattern
below (Fig. 3.6b) was acquired after the unreacted material had been removed. The broad
shoulder is not visible anymore but instead the d023 reflection at 20=24° (3.64

A) can be

observed now.

3..1.3 Synthesis of BeideHite with Isomorphous Substitution
3.1.3.1 The Preparation and Identification of Synthetic Beidellite with
Isomorphous Substitutiou
After determining the optimum conditions for synthesizing an "Al-Si" beidellite,
attempts were made to synthesize beidellite containing varying amounts of gallium and
chromium in non-exchangeable positions, presumably replacing some of the aluminum.
Syntheses were carried out with precursors having 5, 10, and 15 % of aluminum repladed
with gallium or chromium (for further details refer to section 2.1.1). The

<

2gm fraction

of these substituted clay minerals was obtained as outlined before.
XRD results (Figure 3.7) show that the corresponding clay minerals with
isomorphous substitutions were formed. Their XRD powder patterns are identical to those
obtained for Mg-beidellite with no framework substitution.

These isomorphously

substituted beidellite minerals also have their d060 reflection at 1.49
dioctahedral clay mineral, i.e. beidellite.

A,

indicative of a
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(a)

(b)

Figure 3.4: SEM Micrographs: (a) Precursor; (b) Beidellite, before Particle
Size Separation
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(a)

(b)

Figure 3.5: SEM Micrograph of Mg-Beidellite,

<

2 p.m fraction

Magnification: (a) 40 p.m scale; ( b) 4 p.m scale
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Figure 3.6: XRD Powder Patterns of Mg-Beideuite: (a) before and
(b) after Particle Size Separation
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The question remains whether the gallium and the chromium are indeed

incorporated into non-exchangeable positions within the phyllosilicate sub-layers or
whether they are part of the exchangeable cations within the interlamellar region. To
determine this, the question as to "What is the exchangeable cation?" has to be answered.

3.1.3.2 EPMA and XRD Studies of Synthetic Beidellite with Isomorphous
Substitution
Electron Probe Microanalysis (EPMA) studies of isomorphously substituted
synthetic beidellite of the molar ratios Ga/Al=O.05 and Cr/Al=O.10 were carried out in
order to determine whether Ga3+ and

Cr3+

are part of the framework structure, i.e. non-

exchangeable. The spectra of the Mg2 and the Ca2 exchanged beidellite of each clay
mineral were compared. For Mg-beidellite (Ga/Al=O.05) five peaks were observed, one
for magnesium, aluminum, silicon and two peaks for gallium. After the Mg-beidellite had
been ion exchanged with Ca2+ another EPMA was taken. As aresult of this ion exchange
the magnesium peak disappeared and apeak in the position for calcium shows up. This
means the magnesium must occupy the exchangeable positions in the interlayer space as it
was replaced by calcium. However, the gallium still gave rise to its 2peaks and hence
must be part of the framework structure as it could not be replaced by an ion exchange
process. The same experiment was performed for synthetic Mg-Beidellite (Cr/Al--O. 10)
(Figure 3.8). The results for this sample were similar. Mg-Beidellite (Cr/Al--0.10) gave
rise to 4peaks due to magnesium, aluminum, silicon, and chromium (Fig. 3.8a). After the
synthetic clay has been washed with a solution of CaCl2 the peak due to magnesium
disappeared and a peak due to calcium was observed (Fig. 3.8b).

The peak due to

chromium on the other hand was observed in both, i.e. before and after the ion exchange,
again indicating that the chromium must have been imbedded within the framework of the
synthetic clay mineral.
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Figure 3.7: XRD Powder Patterns of Isomorphously Substituted
Mg-Beidellite: (a) no substitution; (b) Ga/AI=O.O5;
(c) Ga/Al=O.1O; (d) Ga/AI=O.15; (e) Cr/AI=O.05;
(f) Cr/AI=O.1O; (g) CrIAI=O.15
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Figure 3.8: EPMA of Beidellite with Isomorphous Substitution: (a) MgBeidellite ( Cr/AI=O.1O); ( b) Ca-Beidellite ( Cr/Al=O.1O)
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This is the first time gallium and chromium had been successfully incorporated into

beidellite. Diddams 86 reported problems with the preparation of chromium and gallium
substituted smectites. They were poorly crystallized and contained residual gel precursor
even after the < 2 im fraction was obtained by sedimentation.

However, the d06

reflection was observed at 1.49A (dioctahedral smectite). Holmgren 105 also reported the
synthesis of agallium/germanium smectite clay, where the aluminum can be substituted by
gallium and the silicon can be substituted by germanium. The

d060

reflection was reported

to be at 1.52A, usually taken to be indicative of the formation of atrioctahedral rather than a
dioctahedral smectite. However, the formation of adioctahedral smectite is assumed and
the shift of the d060 reflection is explained as arising from the larger gallium replacing
aluminum in the octahedral layer.
For the substituted beidellites prepared in this work, the d060 reflection appeared at
1.49

A, suggesting that the clay mineral indeed is dioctahedral rather than trioctahedral.

This would suggest that the trivalent Ga3 and Cr3 replaced Al3 in the octahedral layer,
rather than replacing Si4 in the tetrahedral layer. In an attempt to confirm this, MASNMR studies of the gallium containing samples were carried out, as described in the next
section.

3.1.3.3

71

a3.1.3.3.1

Ga NMR of Synthetic Beidellite with Framework GaHiuni
Introduction 113 -116

A nucleus needs to have amagnetic moment (p.) to experience magnetic resonance.
All isotopes with aspin 100 will have such amagnetic moment. However, isotopes with
1>1/2 have anon-spherical charge distribution and hence an electric quadrupole moment

(Q) which will strongly affect the solid state NMR spectra. The energy shift due to the
quadrupolar interaction can be expressed with the following equation113:
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AEQ

=

3(e2Q)(3 cos 201)
8h

L\E Q : energy shift due to quadrupole interaction
(e2qQ) : quadrupole coupling constant

Q

:quadrupole moment

0

angle between principal component of the electric field gradient tensor
and the magnetic field vector

The quadrupole coupling constant is zero for highly symmetric tetrahedral or
octahedral coordination of aspherical ion but even small deviations from symmetrical
coordination can cause this constant to be very large.
Gallium has two magnetically active nuclei,

69 Ga

and

71 Ga,

both of which have a

quadrupole moment. However, the isotope generally preferred for NMR experiments is
the

71 Ga

isotope because it has ahigher receptivity and asmaller quadrupole moment. The

lines obtained are typically much broader than for 27Al, i.e. there is apotential problem in
observing resonance lines for the

71 Ga

isotope. Table 3.2 summarizes some of the

important properties of the quadrupolar nuclei

Table 3.2:

NMR Properties of

69 Ga, 71 Ga

69 Ga, 71 Ga

and

and 27Al.

27 A1

adapted from 114

Isotope

69 Ga

71 Ga

27AI

NMR frequency (MHz)

24.00

30.495

26.057

0.178

0.112

0.149

width factor (
Al=1)a

5.93

2.34

1.0

relative intensityb

0.007

0.024

0.206

quadrupole moment,

Q[1O 2 m2]

awidth factor=Q2(21+3)II2(21-1); nuclear contribution to quadrupole relaxation
breceptivity/width factor
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Figure 3.9 shows the energy level diagram for a spin 1=3/2 nucleus, such as

gallium, with and without the presence of quadrupolar interactions. Only the central
transitions (between m=1/2 and m=-1/2) are generally observed in quadrupolar nuclei.
These transitions are independent of the first order quadrupolar interaction, and are only
influenced by the considerably smaller second order interactions which are inversely
proportional to the field strength. Therefore, the collection of solid state spectra of nuclei
with non-integral spins will give more narrow lines at higher magnetic fields. The second
order interactions can also be reduced by spinning at the 'magic angle' (
54° 44') which will
cause the central line to be more narrow, but its position stays shifted. However, if the
environment of the nucleus of interest is symmetrically distorted, then the quadrupolar
interaction will increase and may even cause no signal to be detected. The effect of line
broadening due to quadrupolar interaction is of particular importance for the
which has an even higher width factor than the

27 Al

71 Ga

nucleus

nucleus (see Table 3.2 for the NMR

properties of the nuclei). Thus solid state spectra of quadrupolar nuclei can be obtained by
applying the technique of magic angle spinning and high magnetic fields. However, the
interpretation of these spectra has to be done with caution since only signals for nuclei in
spherically symmetric environments can generally be observed.
A

m= 3/2
V0

Va

m = -1/2
V0

V
A

Vb

m = 1/2

vo

V
A Vc

m = 3/2
Figure 3.9: Energy Levels for a Nucleus with a Spin 1=3/2
(adapted from Fyfe'13)
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Results

71 Ga

MAS NMR spectra were obtained to establish whether the newly incorporated

Ga3+ was in an octahedral or tetrahedral environment.

Ga3+

in octahedral coordination

usually gives rise to asignal at = 0ppm with respect to Ga(H2O)6 3 ,while for tetrahedral
coordination it would be expected to show up at = 125 ppm. The chemical shifts observed
for the various Mg-beidellites containing non-exchangeable gallium are summarized in
Table 3.3. Only one peak near 20 ppm was observed (Figure 3.10), indicative of gallium
in octahedral coordination. No peak in the position expected for tetrahedrally coordinated
gallium was found but because gallium is aquadrupolar nucleus it cannot be concluded that
there is no gallium in tetrahedral coordination.

Line broadening as aresult of rapid

quadrupolar relaxation might have caused the signal to vanish in the noise. Quadrupolar
nuclei can generally only be observed in aspherical symmetric environment. Only the
observation of asignal near 125 ppm would provide unambiguous results. Therefore,
while clear evidence for Ga being in octahedral positions exists it is not possible to
definitely state whether some Ga is in tetrahedral positions or not.

Table 3.3:

71 Ga

MAS NMR Shifts of Mg-Beidellite with Varying

Amounts of Non-Exchangeable Gallium
71 Ga

Sample

chemical shift [ppm]

Mg-Beidellite (Ga/Al

=

0.05)

17.9

Mg-Beidellite (Ga/Al

=

0.10)

18.9

Mg-Beidellite (Ga/Al

=

0.15)

18.8

Further support for the incorporation of gallium into the octahedral sub-layer can be
obtained from the powder XRD patterns of synthetic beidellite with varying amounts of
non-exchangeable gallium. The intensity ratio of the

d002

to the d003 reflection is sensitive
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to the amount and type of substitution in the octahedral sub-layer. This intensity ratio
increases notably as the total number of electrons in the octahedral site rises

5.

Indeed, the

d002 reflection cannot be observed in Mg-beidellite with no isomorphous substitution. The
amount of gallium in beidellite with 5and 10 % of the aluminum replaced is probably too
small to have any effect on the intensity of the

d002

reflection. However, Mg-beidellite

with 15 % of the aluminum replaced by gallium gives rise to ad002 peak at 7.2
Figure 3.11. The fact that the ratio of the

dooJdoo3

A,

see

peak intensities increases from < 0.01

to 0.5 is consistent with the suggestion that the substitution is in the octahedral positions.

3.1.4 Inductively Coupled Plasma (ICP) Analysis of Synthetic Beidellite
with and without Isomorphous Substitution
3.1.4.1 Jntr0duction 117 '
118
An additional approach to gain further insight into the composition of the
synthetically prepared clay minerals was the determination of their chemical composition by
Inductively Coupled Plasma (ICP) analysis.

The ICP method uses plasmas for the

excitation of atomic emission. ICP emission permits qualitative and simultaneous multielement quantitative analysis.
A plasma is agas that can interact with magnetic fields since most of the atoms or
molecules are ionized. It can be generated by the effect of aradio-frequency field on a
flowing gas and can reach core temperatures of about 9000 to 10,000 K.
The extremely high temperature of the plasma prevents chemical interferences in the
flame and readily excites most elements. The population of the ground-state (N0)and the
excited state (Ne)at acertain flame temperature can be calculated using the MaxwellBoltzmann distribution:
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Ne = k
No
g0

e

eo )/l(T

g, g0

statistical weights of excited and ground states

Ee, E0

energies of excited and ground states

k :Boltzmann constant
T :absolute temperature
Flame emission spectroscopy (T=2000-3000K) is very temperature dependent and
even easily excited elements have only arelatively small population in their excited state.
The ICP has such ahigh temperature that an ample population of excited-state atoms or
ions exists. Another problem is the possibility of chemical reactions in the flame. Many
elements react to some extent with flame gases forming metal oxides or hydroxides. In
ICP, the surrounding argon provides for a very inert atmosphere, so problems with
combustion or other chemical reactions do not occur.

The ICP signal is also more

enhanced because the atomization is more complete than in the flame.
In comparison to aflame, aplasma has amore uniform temperature profile, thus
giving rise to more reproducible emission intensities. A flame is cooler in its outer parts
than in its central region which leads to self-absorption. The effect of self-absorption
increases with increasing concentration of analyte and results in non-linear calibration
curves. Plasma emission has calibration curves which are linear over almost five orders of
magnitude.
After microwave digestion the samples were analyzed by the inductively coupled
plasma method. ICP was the method of choice, because of the complex nature of the
analyzed samples (avoid matrix effects) and also because of several other advantages that
this method offers. All elements can be analyzed simultaneously with high accuracy over a
large range. The current literature describes the digestion by microwave techniques and
following total elemental analysis by ICP as anew, fast, and inexpensive method for the
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analysis of soil samples 119 '
120 . Precise and accurate results were obtained for rather
complex mixtures like soils.

3.1.4.2

Results

Table 3.4 summarizes the ICP results for the various samples analyzed; the results
obtained are very self-consistent with the exception of the data for SiO2.
It is essential to avoid any contamination of the samples with iron as it constitutes a
catalyst poison 121 . The stainless steel reactor could have been apossible source of
contamination with iron during synthesis. However, one can easily see from the data that
the samples contain very little iron (less than 0.1 % by weight).
It is also possible to compare the composition of the synthetic beidellites with
framework gallium or chromium by means of ICP analysis. For samples 002, 003, and
004 the Ga/Al ratio was found to be 0.046, 0.095, and 0.16

,

respectively. This is very

close to the desired molar ratios of Ga/Al=0.05, 0.10, and 0.15. Sample 005 has aCr/Al
ratio of 0.029 and samples 006 009 have an average Cr/Al ratio of 0.063; this is less than
-

the expected ratio of Cr/Al=0.05 and 0.10. Beidellite with non-exchangeable chromium in
amolar ratio of Cr/Al=0.15 was also digested but did not dissolve completely and is
therefore not included in this study. The ICP results clearly show that chromium is less
easily incorporated into the clay layers than gallium is. This must be related to their ionic
radii. Table 3.5 lists the ionic radii reported for Al 3t Ga3 ,and Cr3 and their predicted
coordination numbers 122 .Chromium has asignificantly larger ionic radius than gallium
which might make it difficult to incorporate chromium into the beidellite layer in place of
aluminum. The ionic radii of aluminum and gallium are more similar, and allow for both
tetrahedral and octahedral coordination whereas the
coordination.

Cr3+

ion prefers octahedral

Table 3.4:

Summary of ICP Results
Sample

SiO2

A1203

MgO

CaO

Cr203

Fe203

Ga203

Total

NO

[%]

[%]

[%}

[%]

[%]

[%]

[%]

[%]

Mg-Beidellite

001

68.94

25.97

2.60

0.02

0.00

0.08

0.00

97.61

Mg-Beideffite

002

65.75

25.34

2.57

0.03

0.00

0.09

2.16

95.94

003

59.19

23.72

2.63

0.03

0.00

0.08

4.17

89.82

004

63.28

22.02

2.64

0.01

0.00

0.04

6.51

94.50

005

68.56

26.06

2.64

0.02

1.16

0.05

0.00

98.49

006

63.72

25.16

2.59

0.02

2.35

0.04

0.00

93.88

007

71.85

25.20

2.59

0.03

2.46

0.04

0.00

102.17

Sample

(Ga/Al=0.05)
Mg-Beidellite
(Ga/Al=0. 10)
Mg-Beideffite
(Ga/Al=0.15)
Mg-Beidellite
(Cr/Al--0.05)
Mg-Beidellite
(Cr/A1=0.10)
Mg-Beidellite
Ca-Beidellite

(2.44)*

(25.04)*

(Cr/Al--0.10)
008

38.12

23.94

0.97

2.19

2.19

0.06

0.00

67.47

009

61.85

24.01

0.95

2.19

2.24

0.04

0.00

91.28

(Cr/A1=0. 10)
Ca-Beidellite
(Cr/Al=0. 10)

*

corrected weight % assuming 1.62 % of MgO will be replaced by CaO;
the sample weight would change from 0.1408g to 0.1417g
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By comparing the results for samples 007 and 008 in Table 3.4, adecrease in the
weight percentage for A1203 and Cr203 can be noticed, after the Mg-Beidellite has been
washed with CaCl2. CaO has ahigher molecular weight than MgO and hence replacing
Mg2+

with Ca2+

will decrease the relative weight percentages of the other components.

However, the drop in weight percentage for A1203 and Cr203 (samples 007/008) is greater
than would be expected if it were due only to the larger molecular weight of calcium. The
theoretical weight percentage can be found in Table 3.4 assuming that 1.62 weight % of
MgO will be replaced by CaO (Mg-Beidellite contains 2.59 weight % MgO and after it has
been washed with CaCl2 it retains 0.97 weight % MgO). This means that during the ion
exchange process about 4 % of the aluminum and about 9 % of the chromium will be
exchanged, suggesting some small amounts of aluminum and chromium can be found in
exchangeable positions. The fact that some chromium can be found in exchangeable
positions provides further indication that it is more difficult to incorporate chromium into
the clay layers. Thus, not as much aluminum as expected has been replaced and hence the
Cr3 /A1 3 ratio is also less than expected.

Table 3.5:

Ionic Radius and Coordination Number of Selected M 3
adanted from Zarzvcki 122

M 3 Ion

Ionic Radius

[
A]

Coordination Number

[6-coordination]

predicted

observed

A1

0.50

4

4,5,6

Ga3

0.62

4-6

4,6

Cr3

0.69

6

6

Ions
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3.1.5 FTIR Analysis of Synthetic Beidellite with and without Isomorphous
Substitution
Infrared spectroscopy can also be used to gain some information with respect to the
coordination of cations

122124•

Factors which influence the band positions of a

coordinated group MOx include the chemical nature and the valency of the cation M, the
value of the coordination number x, and whether the coordinated groups are 'isolated' or
'condensed'.
The coordination number affects the vibrational frequencies as follows: the smaller
the coordination number, the shorter the bond length, and the higher the vibrational
frequencies

124•

Apart from the coordination number, the environment, i.e. the

neighboring groups, will significantly influence band positions.

It was observed that

'Condensed' groups generally give rise to bands at higher frequencies than do 'isolated'
groups, although in some cases it might be difficult to make adifferentiation as there is
some overlap between these groups.

This is particularly important when trying to

distinguish between ' isolated' tetrahedra and ' condensed' octahedra.

Characteristic

vibrational frequencies of some MO x coordinated groups have been published

122424,

see

Table 3.6.
Infrared spectra were obtained of KBr pellets containing the various synthetic
beidellites. An assignment of the infrared band positions was performed and an attempt
was made to relate the shift of some band positions to the increasing degree of substitution
of beidellite with gallium and chromium. Table 3.7 summarizes the positions of the JR
bands for the various samples examined.

All samples give rise to the same type of

spectrum, but differences in band positions were noted which can be related to the amount
of substitution.
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Table 3.6:

Characteristic Vibrational Frequencies for Some ' Isolated' and
'Condensed' MO x Coordinated Groups (
adapted from Tarte 123 )
characteristic absorption ranges [cm-1]
'isolated groups'

Cation M

MO4

'condensed groups'

MO6

MO4

MO6

Si

1050-800

?

1200-1000

950-900

Al

800-650

500-400

870-700

650 and less

Fe111

650-550

400-300

700-550

550-400

IH

450-300
700-570

Ga111

650 and less

=400

750-600

600-500

600-500

Mg

480 and less

Table 3.7: FTIR Data Table of Synthetic Beidellite with Isomorphous
Substitution (assignment based on 125 '
126 )
Si-O deform. Si-O deform.
Sample

A1-O stretch
[cm-1].

A120H

Si-O

layer

deformation

stretching

[cm-11

[cm-1]

[cm-1]

[cm-1]

Al-O stretch,

Al-O
in

Oh

Mg-Beidellite

473

531

629

932

1050

Mg-Beidellite

472

531

626

930

1051

470

529

624

926

1051

468

528

621

923

1048

474

533

628

932

1052

473

533

626

931

1051

472

532

626

930

1051

Ga/Al=0.05
Mg-Beidellite
Ga/Al=0. 10
Mg-Beidellite
Ga/Al=0. 15
Mg-Beidellite
Cr/Al--0.05
Mg-Beidellite
Cr/A1=0. 10
Mg-Beidellite
Cr/Al--O. 15
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Figure 3.12: FTIR Spectra of Isomorphously Substituted Mg-Beidellite
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Isomorphous substitution affects in particular the bands at 473 cm-1,629 cm-1,and
932 cm-1 (Figure 3.12).
The band at 629 cm-1 can be assigned to the Al-O vibration in the octahedral
layer' 26 '
127 .For beidellite substituted with gallium this band shows ashift from 629 cm -1
to 621 cm-1 as the amount of gallium increases. Isomorphous substitution of solids may
affect the vibrational spectrum in two ways. If the bands are well separated, one band will
disappear as the other grows. If the separation is smaller, the separate band may not be
resolved, and only abroadening and shift of the one band is seen 128 . The Al-O band
observed in the work reported here shows some broadening and is shifted to lower
vibrational frequencies with increasing degree of substitution in the octahedral layer (Figure
3.12). This is possibly due to the similarity of the vibrational frequencies of the Al-O and
the Ga-O band and thus only an average of the two frequencies can be observed. The
increasing degree of substitution with Ga causes ashift of this band to lower frequencies as
the Ga-O band by itself would appear at alower frequency than the Al-O band. Therefore,
it appears that the isomorphous substitution of beidellite with gallium gives rise to mixed
Al-O-Ga vibrations at increasingly lower wavenumbers.
Replacing aluminum with chromium also results in ashift of this band, but not to
the same extent; this could be explained with reference to the ICP results. It has been
shown that the amount of non-exchangeable chromium was actually less than the
theoretically desired molar ratio of aluminum to chromium, which would account for
smaller effects on the band at 629 cm-1.
Another band which exhibits asignificant shift due to isomorphous substitution is
the band at 932 cm-1,the A120H deformation band. Again, this effect is more pronounced
for the gallium substituted series than for the chromium series. The vibrational frequencies
shift by about 10 cm-1 for the gallium series, i.e. from 932 cm -1 to 923 cm-1 for the highest
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amount of gallium introduced. The same trend holds for the band observed at 473 cm -1,
though even the gallium series induces asmaller frequency shift (only 5cm-1).

.2 Preparation of PILCs
32.1 Introduction

-

The Cation Exchange Capacity

As apparent from chapter 1the pillaring of clay minerals with inorganic pillars is an
important step for their application in catalysis, as it provides thermally stable, microporous
materials with high surface area. The pillaring of clay minerals requires some knowledge
regarding their cation exchange capacity (CEC), in order to be able to completely saturate
the exchangeable positions with pillaring agents.
The cation exchange capacity (CEC) describes the ability of clay minerals to
exchange cations. Usually, the CEC is given in units of milliequivalents per 100 grams of
clay (meq/100 g). There are two causes which can give rise to the CEC:
a) Substitutions of the clay lattice, i.e. Al 3 for Si4 in the tetrahedral sheet and Mg2
or

Fe2+

for Al 3+ within the octahedral sheet cause substantial charge imbalances,

particularly in 2:1 clay minerals such as smectites, which have to be balanced by adsorbed
cations. Sometimes these charges can be partially balanced by other substitutions, such as
OH - for

02-

or by filling more than the two possible positions in the octahedral sheet of

dioctahedral clays, but very often these charges have to be balanced by additionally
adsorbed cations. These type of charge deficiencies are permanent and account for the bulk
of the CEC in dioctahedral smectites.
b) The other origin for charge imbalances occurs on the clay surface and is pH
dependent. This charge is usually aresult of chemical reactions at the basal surface of the
tetrahedral sheet, in the case of smectites, and along the edges of the sheets. Depending on
the pH, surface hydroxyl groups can either react with OH-or H (see Figure 3.13) giving
rise to net negative or positive charges at the particle surface, respectively. Therefore, at
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low pH values it would be possible for aclay mineral to have an anion exchange capacity.
However, in smectites the pH dependent charges only constitute ca. 1% of the net layer
charge.

SiOH+ H ---> SiOH 2
negative counterions in Gouy-Chapman
layer (anion exchange capacity)

no cation or anion exchange capacity

pH<ZPC

4

pH at ZPC

4

+

SiOH+0H--->SiO+H20
positive counterions in Gouy-Chapman
layer (cation exchange capacity)

Figure 3.13:

pH>ZPC

+
+
+

pH Dependent Surface Charges Relative to the Zero Point of
Charge (ZPC)

.2.2 Results for the Determination of the Exchangeable Amount of Cations
of Synthetic Beidellite
The cation exchange capacity for beidellite was determined by monitoring the basal
spacing of synthetic beidellite as afunction of loading with the Al13 polyoxocation. The
basal spacing increases to amaximum value as the [A104A112(OH)24(1120)12}
completely replaces the originally present

Mg2+

cation

ions. For this reason, solutions with

varying amounts of Al13 were stirred into synthetic beidellite suspensions and the dooi
reflection of the air dried samples was observed by powder X-ray diffraction. Table 3.8
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shows the observed d00i basal spacings of pillared beidellite for different amounts of Al13
pillaring species.

Table 3.8:

dool

Basal Spacing as a Function of Loading Synthetic

Beidellite with Al13 Polyoxocations
loading [meq A1 3+/g clay]

d001 basal spacing

0.502
1.004
2.007
3.013
4.018
5.017
6.026
7.033
8.027
8.928
10.034
14.006
15.036
19.956

[
A] (
a)

14.57
14.52
14.48
18.63
18.71
18.78
18.86
18.78
18,79
18.86
18.87
18.78
18.79
18.79

(a) with reference to the predominant peak

Plotting these values against each other shows clearly that aplateau region is
reached after all the exchangeable Mg2 ions were replaced with A113 species (Figure
3.14). Larger basal spacings can be observed the more polyoxocations are adsorbed thus
slowly propping apart the clay layers.
[A104A112(OH)24(H20)12]

,

Once all the Mg 2 ions are replaced with

further addition of Al13 does not result in afurther increase

of the basal spacing. This is demonstrated very clearly in Figure 3.15 which pictures the
pillaring process of Mg-beidellite with A113-polyoxocations. It is evident that for low
loadings with pillaring species the dooi reflection is not a single sharp peak.
intercalation of small amounts ( 1-2 meq Al3

The

/gbeidellite) of polyoxocations is visible as a

shoulder at lower 28 than the main peak. After 3meq Al 3 /gbeidellite were intercalated
the peak intensities are reversed, i.e. the predominant peak is due to Al13 ions but the
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presence of significant amounts of Mg2 ions is still indicated by astrong shoulder to the
right. Only after aloading of 6meq Al 3 / gbeidellite has been reached does the d001
reflection appear as asingle sharp peak again.

Figure 3.14:

d001 Basal Spacing of Beidellite as a Function of Loading
with A113 Polyoxocations

The cation exchange capacity (CEC) can be calculated from the adsorbed amount of
Al 3 (as needed for the formation of [A104A112(OH)24(H20)12]
spacing is reached, i.e.

Qa

7+)

value at the plateau 129 .

CEC

=

Qa xqx1OO

Qa :adsorbed amount; plateau value [mmol /g]
n : number of aluminum ions in the polyoxocation
q : charge

when maximum
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One problem with determining the amount of adsorbed Al13 ions at the plateau from

Figure 3.14 is that only the most intense peak was used for this plot. However, acloser
look at the powder XRD patterns simplifies the determination of the point when the A113 species entirely replace the Mg2 ions. The shift of the d001 peak from 14.8

Ato

18.8

A

clearly shows this replacement. Figure 3.15 displays this ion exchange process and it can
be seen that even though at lower loadings the peak near 18.8
presence of the peak due to Mg2

at 14.6

disappearance of the shoulder due to

Mg2+

A is

Ais already noticeable,

not negligible either.

the

The complete

was observed after incorporation of about 5.5

meq Al 3 / gbeidellite. This corresponds to an adsorbed amount for

Qa

of 1.83 mmol/g.

The resulting cation exchange capacity was calculated from the equation above to be 98.5
meq/ 100 gbeidellite. This falls well within the typical range of 80-150 meq/ 100 gclay for
the cation exchange capacity of smectite5 125 .
The same study has been carried out previously by Bradley for montmorillonite.
The minimum loading to reach the maximum

d0øi

spacing was found to be 8meq M 3 / g

montmorillonite59 .
Based on these results, both beidellite and montmorillonite were subsequently
pillared with an excess of pillaring solution, namely 10 meq M 3 /g clay, to ensure
uniform layer spacing.

3.3

Addition of Metal Oxides (NiO and/or MoO) to Pillared Clay Supports
The possibility of enhanced catalytic activity by using pillared clays as supports for

NiO, MoO3 or acombination of NiO/MoO3 was examined. These metals were chosen
since it has been previously proven that the presence of these metal oxides can enhance the
activity of hydroprocessing catalysts 130 '
35 . For this reason, pillared samples were
impregnated with Ni(NO3)2 and/or (NH4)6Mo7O24 using the method of incipient wetness.
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Ig beidelilte

14 meq Al3,

Ig beidellite

10 meq Ala'/g beldellite

8.9 meq Al 3'/g beideliita

8meq Al 3' / g beideUite

7meq Al 3'Ig beideUite

4..

6meq Al a'/g beldellito

5 meq Al 3'Ig beiciellite

4 meq Al3'Ig beidellite

3meq Al3'/g beidellite

2meq Al" Ig beidellite
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5

4

10

It

12
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Figure 3.15: XRD Powder Patterns Obtained for the Pillaring Process of
Beidellite with Al13 Polyoxocations
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The nitrate and the molybdate precursor have to be fully soluble in the solvent (1120) used
for the impregnation. In order to impregnate the pillared samples the precursors have to be
dissolved in

H20

and then added to the support. The effect of capillary forces makes it

possible for the impregnating solvent to enter the pores of the support. The solubility of
the precursor in the solvent and the pore volume of the support determine the maximum
amount of precursor that can be introduced25 .This means that an initial experiment had to
be carried out in order to determine the maximum volume of solvent that can be used for the
introduction of the nickel (II) nitrate and the ammonium molybdate into the pores of the
catalyst support. It necessitates atitration of the solid pillared material with water (solvent)
until all the pores are completely filled. This can be easily recognized when the surface of
the material appears to be wet. For both clay minerals, beidellite and montmorillonite, 1ml
of water could be added to 1gof pillared clay until the pores of the material were filled, i.e.
1ml of water is the maximum amount of solvent that can be used for the incipient wetness
impregnation of 1gPILC with the precursor salts. After the supports were impregnated
they were allowed to dry so that the precursor salts would crystallize in the pores of the
supports. Finally, the impregnated and dried pillared clays were calcined (500° C) in alight
stream of oxygen to cause the decomposition of the nitrate and/or molybdate and the
formation of the analogous NiO and/or Mo03. Therefore, calcination determines the
chemical composition of the catalysts before they are used in acatalytic experiment.

3.4

Summary
In this chapter the preparation and characterization of the various catalysts have

been discussed. The optimum conditions for the synthesis of beidellite were examined and
it was found that afaster crystallization of the clay mineral occurs at

3500

C after 7days

under hydrothermal conditions. It has been shown that stirring the reaction mixture did not
influence the clay mineral formed. A further analysis by X-ray diffraction techniques
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revealed that the product possessed swelling properties, and hence must be one of the
smectite group of clay minerals. The d060 reflection at 1.49

Awas used as an indicator for

the formation of adioctahedral clay mineral. The Greene-Kelly test showed that the clay
mineral which was synthesized must be beidellite.
Synthetic beidellite with isomorphous substitution was also prepared.

Clear

evidence could be provided that the isomorphic replacement took place in the octahedral
sub-layer. However, it was found that chromium is less easily incorporated into the clay
framework than gallium, afact which is most likely related to the slightly larger ionic radius
of chromium (III) compared to gallium (III). The ICP analysis showed that the Ga/Al
ratios were very close to the desired molar ratios.

FTIR analysis of the substituted

beidellite samples provided further evidence for isomorphous replacement within the clay
framework as indicated by the shift of some bands.
The cation exchange capacity of synthetic beidellite was found to be
98.5 meq / 100 gbeidellite which is typical for aclay mineral of the smectite group.
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Chapter 4
CATALYST CHARACTERIZATION

4.1.

Surface Area and di Basal Spacings

4.1.1 Introduction
The surface areas were obtained by the BET method 136138 using nitrogen
adsorption at liquid nitrogen temperature. The BET equation is usually applied in its linear
form and is expressed with the following equation:

P,
a(_)

1

-

(C- 1)p

nC

nC p0

p : adsorbate equilibrium pressure
p0 : adsorbate saturated equilibrium vapour pressure
amount of adsorbed gas
monolayer capacity
C : BET constant

Once the monolayer capacity is determined, the next step is the calculation of the
surface area.

The average area or molecular cross-sectional area (am )which will be

occupied by the adsorbate molecules in the complete monolayer is needed to carry out this
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calculation.

Hence, the total and the specific surface areas of the adsorbent can be

expressed as follows:

A(BET)=
as(
BET) =

fl

N, am

A (BET)
in

A (BET) : total surface area
a(BET) : specific surface area
Nay : Avogadro' sconstant
m
am

: mass of adsorbent
molecular cross sectional area

4.1.2—Results for$urface Area and

-

dUo!

Measurements of Prepared

Catalysts
A summary of the measured surface areas for the pillared beidellite and
montmorillonite samples can be found in Table 4.1. Initially, surface area measurements
for the pillared montmorillonite samples were performed using aMicromeritics high speed
surface area ana1yzer, The surface areas measured for the montmorillonite pillared samples
were in the ranges previously reported59 .After drying the P1LCs at room temperature the
measured surface area for Al13-, Ga13-, and GaAl12-montmorillonite were 257 m2/g, 187
m2/g, and 267 m2/g, respectively. Calcining for 4hours at 500° C caused the surface area
of the pillared clays to drop as expected. However, they were still in the order Ga13montmorillonite < Al13-montmorillonite < GaAll2-montmorillonite. Later, the surface
areas for the pillared montmorillonite samples were remeasured on an ASDI RXM- 100
Catalyst Characterization instrument, to be directly comparable to those measured for the
pillared beidellite samples. The results for the GaAl12-montmorillonite match very well on
the two instruments.

The surface areas obtained for the Al13-, and Ga13-pillared
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montmorillonite show significant deviation. However, the surface areas of these materials
are known to be variable, and Bradley 59 reported ahigher distribution of surface areas for
the A113-montmorillonite (observed range of 60 m2/g) and the 0a13-montmorillonite
(observed range of 95

m2/g) than for the GaAl12-montmorillonite (observed range of 35

m2/g). The two sets of results reported here are within these ranges. These results confirm
that the GaAl12 pillars are more stable in solution, and that agreater number of tridecamers
has been incorporated during the ion exchange process as indicated by the smaller
variations in surface areas. The Al13- and the Ga13- pillared clays may have incorporated
more partially hydrolyzed species, such as monomers, dimers, trimers and other
oligomers.
The surface areas obtained for the pillared beidellite samples also follow the order
Ga13-beidellite ( 189 m2/g) < Al13-beidellite (251 m2/g) < GaAll2-beidellite (327 m2/g).
The same trend was observed for pillared beidellite containing non-exchangeable gallium
within the clay framework. Finally, it has to be noted that pillared beidellite maintains
remarkably large surface areas even after the calcination step at 500° C.

Table 4.1:

Surface Area of Pillared Montmorillonite and Beidellite
Micromeritics Analyzer
ASDI RXM- 100
Sample
surface area
surface area
surface area
calcined [m2/g]
r.t. [m2/g]
calcined [m2/g]

A113-Montmorillonite
Ga13-Montmorillonite
GaAl12-montmorillonite

257
187
267

184
154
189

126
219
196

A113-Beidellite
Al13-Beidellite (
Ga/Al=0.15)
Ga13-Beidellite
Ga13-Beidellite (Ga/Al=0. 15)
GaAll2-Beidellite
GaAl12-Beidellite (Ga/Al=0.15)

n/a
n/a
n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a
n/a
n/a

251
240
189
230
327
264

-
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Figure 4.1: XRD Powder Patterns of Pillared Beidellite:
-

......-

(
a) A113-Beidellite; (b) Gai3-Beidellite; (c) GaAl12-Beidellite
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Figure 4.2: XRD Powder Patterns of Pillared Beidellite with Isomorphous
Substitution: (a) A113-Beidellite (Ga/Al=O.15); (b) Ga3Beidellite (Ga/Al=O.15); (c) GaAl12-Beidellite (Ga/AI=O.15)
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Measurements of the dy31 basal spacings after drying at room temperature showed

little difference for the Al13- and the GaAl12-pillared montmorillonite which afforded basal
spacings of 18.8 and 18.9

A,

respectively. Ga13-montmorillonite showed alittle more

variation; the obtained basal spacings ranged from 18.8-20.2

A, indicative of the slightly

larger size but lower stability of the Ga13 polyoxocations in solution.
The powder XRD patterns for pillared beidellite and pillared beidellite with nonexchangeable gallium are shown in Figures 4.1 and 4.2, respectively. Very sharp and
intense peaks were observed for the GaAl12-pillared samples which affirms that this
pillaring species gives rise to stable and largely homogeneous pillared clays. The A113 pillared samples have still fairly sharp di peaks but the

døi

peaks of the Ga3-Pill ared

beidellites are broadened to some extent. Table 4.2 summarizes the observed di basal
spacing for all samples examined.
The following sections of this chapter examine the hydrothermal stability of the
prepared pillared clays as indicated by their change in surface areas and di basal spacings
and their micropore size distributions at elevated temperatures. Microporosity studies were
performed on calcined pillared beidellite and montmorillonite samples and their di
spacings were remeasured several months after they had been prepared, in order to
compare the results to the observed maxima in micropore distributions, measured at the
same time. It was rather surprising to note that the basal spacings were 2-10% lower than
expected from the thermal stability studies (see Table 4.2 and 4.5). These results suggest
that over time, the pillars react with the acidic clay surface. This can be seen in particular
for pillared beidellite which has gallery heights of approximately 6A, assuming aclay layer
thickness of 9.5

A.

Pillared montmorillonite, having aless acidic surface retains gallery

heights which are generally 1-2

Alarger.
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Basal SDacins of Pillared Montmorillonite and Beidellite
Sample
dool [A]
dool [A]
dried at 25° C
calcined at 500° C (
a)

A113-Montmorillonite
Ga13-Montmorillonite
GaAl12-montmorillonite

18.8
19.8
18.9

16.0
17.3
17.2

A113-Beidellite
A113-Beidellite (Ga/Al=0. 15)
Ga13-Beidellite
Ga13-Beidellite (Ga/Al=0. 15)
GaAl12-Beidellite
GaAl12-Beidellite (Ga/Al=0. 15)

18.9
18.8
19.1
19.0
19.0
18.8

15.2
15.4
16.8
15.5
15.8
15.6

(a) These samples were prepared and calcined several months prior to XRD measurements.

4.2. Micropore Size Distribution
4.2.1 Introduction
Pillaring clay layers with bulky cations creates interlayer microporosity. Catalysts
containing micropores usually have most of their perceptible surface area in those pores. It
is important to know the dimensions of these micropores as the existence of very small
pores influences the interaction of the catalysts with gases, since diffusion into narrow
pores may be very slow or negligible. Therefore aquantitative evaluation of the micropore
size distribution is important for the design of new catalytic materials. Pores have been
characterized according to their pore radii (ILJPAC classification) as follows:
a) macropores: >50 nm
b) mesopores: 2- 50 nm
c) micropores: < 2nn!
The micropores in the clay minerals can be altered by varying their charge, the
charge density of the layers, and the size and the shape of the interlayer cati0ns 139 .
The Kelvin equation serves as auseful model for the evaluation of adsorption data
in the case of macroporous and mesoporous structures. The adsorbate is treated as abulk
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liquid within acylindrical capillary of radius rm, where y is the surface tension of the
liquid and VL is the volume of the liquid.
in-!-=
P0

2?VL(1
RT Lrm

P : equilibrium vapor pressure within the pore
P0 :equilibrium pressure on aplane surface

However, this model does not provide for accurate data below pore sizes of 2nm
(micropores) because the liquid cannot be considered as afluid with bulk properties
anymore. The narrow pores cause strong interactions with the pore walls and theoretical
calculations led to the conclusion that the properties of fluids in microporous structures are
extremely sensitive to the size of the pore88 .
In 1983 Horváth and Kawazoe 140 developed a model which interprets the
adsorption in micropores in terms of aslit potential. The slit walls are depicted as two
infinite parallel planes and the adsorption takes place on these surfaces.

It has been

proposed that the slit-like geometry serves as agood model for pillared clays 88 .According
to this model, for slit-like geometry the following equation can be applied:

In(

-

j
Nay

A
NayNAAA_A + NEE....A x
RT
a4 (L-2d 0 )

1O

+

-

3(L— d0 )
3

9(L— d0)9

3d

101

9d?

: Avogadro' snumber

AA-A : dispersion constant (adsorbate adsorbent interaction)
-

AEA : dispersion constant (adsorbate adsorbate adsorbent interaction)
-

-

NA, NE: number density of adsorbate and adsorbent atoms per unit area
do
L

: arithmetic mean of the adsorbent (de) and the adsorbate (da) diameters
: relevant or crystallographic pore size; actual pore size is equal to the
difference of (L de)
-

a

: distance between agas atom and the adsorbent surface at zero
interaction energy
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Figure 4.3 shows asketch of aslit-shaped pore which also presents the parameters
used in the equation above.

adsorbent

Figure 4.3:

Slit-like Pore Geometry

Some applications of the Horváth-Kawazoe equation for the analysis of the
micropore size distribution of Al-pillared montmorillonite can be found in the
literature 141 -141. However, microporous materials, such as zeolites, have aquite different
pore geometry. Zeolites, for example, are much better described in terms of acylindrical
pore geometry (Figure 4.4).

Figure 4.4:

Cylindrical Pore Geometry
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The slit-pore model does not account for the curvature effects which presumably

affect the adsorption properties of zeolites. Recently, amore complex equation has been
derived by Saito and Foley 88 assuming acylindrical pore geometry. This approximation
was found to provide much more accurate micropore sizes for zeolites than the HorváthKawazoe equation.
In P

=

P0

3itN, (
NAA A _A + NE AE_A )
4 R

do

1

11-2.

k=0 k+1(

rp
a k'

r

)2k

21
32

k

i)
r

10

k(

do
r)

4

Li

Jj

: pore radius

Pk

: expansion coefficients which depend on the summation index

(other parameters were defined previously for the Horváth Kawazoe equation)
-

Saito and Foley compared the slit-shaped pore model and the cylindrical pore model
for the analysis of zeolite Y, and found that the cylindrical pore model indeed provides
more accurate results than the slit pore model. The pore sizes found based on the slit-pore
model were approximately 40% below the value determined from X-ray structures, while
the cylindrical pore model provided pore size values of only 0-5% below that value.
The cylindrical pore model might also be abetter description of the pore geometry
in pillared clays than the slit-pore model. After the calcination step the pillars are firmly
rooted between the clay structures thus creating achannel system comparable to zeolitic
structures. Particularly in the case of pillared beidellite, some fundamental structural
changes occur upon calcination (see also section 4.3). The pillars react with and are joined
inseparably to the bidimensional network of the clay. Hence, calcined pillared beidellite
can be considered to be abidimensional zeolite 1146 .With this in mind it seems more
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appropriate to use the Saito-Foley equation which assumes cylindrical pore geometry for
the evaluation of the micropore size distribution in pillared clays. The results presented in
this thesis were obtained using the Saito-Foley approach for cylindrical pore geometry and
will be discussed below; no attempts were undertaken to calculate the pore diameters using
the Horváth-Kawazoe equation.

4.2.2 Results of Micropore Size Distribution of PILCs
Thus far, powder X-ray diffraction was used to determine the interlayer spacing
after the clay minerals were pillared but the available pore sizes in PILCs are determined not
only by the interlayer distance (gallery height) but also by the interpillar distance (lateral
space), see Figure 1.7. Therefore, the determination of the micropore size distribution
provides more realistic results.
To test the system, the adsorption isotherm of Ar (g) on zeolite Y at liquid argon
temperature was obtained, and the pore size distribution calculated. The results are shown
in Figure 4.5. The maximum pore distribution occurs at 0.70 nm using the parameters as
outlined in chapter 2, which is very close to the actual value of 0.74 nm as determined by
X-ray diffraction studies 88 .This corresponds to an experimental error of 5.4%. The pore
distribution is unimodal with avery sharp peak at maximum pore distribution.
The adsorption isotherms and pore size distributions for the pillared clay samples
are shown in Figures 4.6-4.14. In all cases, the isotherms are of type Iaccording to the
BDDT classification 147 .The pore size distribution graphs of the pillared clay samples are
different in their appearance than those of zeolites. All analyzed samples gave rise to a
bimodal pore distribution consisting of two broad, overlapping peaks. At first sight there
seems to be not much of adifference between the analyzed samples. The maximum pore
distribution occurs at = 0.8 nm (see values in Table 4.3) and the smaller pore opening has
its maximum at = 0.6 nm.

The two maxima found might suggest that one peak
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Na-Y Zeolite
Volume Adsorbed
5.0
4.5
4.0
3.5
3.0
Veds ( cc)

2.5
2.0
1.5
1.0
0.5

cJ.Q -

0

.002 . 004 . 006 .008 .01 . 012 .014 . 016 .018 . 02
Rel ative Pressure

Pore Size Distribution
40
36
32
28
24
20
16
12
8
4
0

0

.11

.22 . 33

44

.55

. 66

.77

.88

.99

1.1

Pore Diameter ( nm)
Maximum in pore distribution occurs at

0.70 nm.

Figure 4.5: Argon Adsorption Isotherm and Micropore Size Distribution
of Na-Y Zeolite
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corresponds to the lateral spacing between the pillars and the other peak might be due to the
interlayer spacing (døi). Table 4.3 also lists the observed basal spacings (d001) and
subtracting 0.95 nm for the clay layer thickness it appears that the narrower pore opening
would be aresult of the interlayer distance. Whether, the larger pore opening of ca. 0.8 nm
could correspond to the interpillar distance depends on the layer charge and the pillar
charge.
Clearfield et al. 148 calculated this interpillar distance in an A113-pillared
montmorillonite. It is assumed that the pillars align with their C3 axes perpendicular to the
clay layers but are randomly oriented about these axes. The calculated distances between
the pillar centers can range from 1.7 nm (most densely populated clay) to 2.9 nm (least
densely populated) based on +7charge for the Al13 polyoxocation. After subtracting the
pillar width (0.72 nm) this results in lateral spacings ranging from 0.98

-

2.18 nm.

However, if hydrolysis of the A113 polyoxocation occurs and the charge of this polymer is
not +7, this will also reduce the lateral spacings to 0.56

-

1.43 nm 148 .

Since in the work reported here the pillaring of the clay minerals was done with an
excess of the Al13 polymer, most densely populated clays are assumed. As aresult, the
free spacing between the pillars based on the calculation above for most dense population
could range from 0.98 to 0.56 nm. The experimental results are in good agreement with
this calculation. The observed maximum pore size distribution which occurs at ca. 0.8 nm
suggests that this feature might correspond to the lateral distance between the pillars.
Further inspection of the pore distribution graphs shows differences with respect to
the total micropore volume residing in the various pillared clays (Figures 4.6-4.14). Table
4.3 also presents the calculated micropore volumes of the pillared clays as obtained from
their adsorption graphs.

99

chapter 4
Table 4.3:

Summary of Obtained Pore Diameters, Basal Spacings and
Micropore Volumes of Pillared Beidellite and Montmorillonite

Sample

narrow

basal

Area

spacing

pore

[nm]

[nm]

[nm]

[mug]

[m2/g]

-

*

larger pore

micropore

Surface

-

volume

A113-Montmorillonite

126

1.6

0.59

0.8

0.0367

Ga13-Montmorillonite

219

1.73

0.61

0.79

0.0517

GaA112-Montmorillonite

196

1.72

0.65

0.84

0.0584

A113-Beidellite

251

1.52

0.59

0.79

0.0795

A113-Beidellite

240

1.54

0.6

0.79

0.0717

Ga3-Beidellite

189

1.68

0.64

0.79

0.0479

Ga3-Beidellite

230

1.55

0.58

0.79

0.0664

GaAl12-Beidellite

327

1.58

0.6

0.79

0.0898

GaAl12-Beidellite

264

1.56

0.58

0.79

0.0840

(Ga/Al=0. 15)

(Ga/Al=0. 15)

(Ga/A1=0. 15)
*

X-ray results.

As expected, the samples with the largest surface areas also have the largest
micropore volumes. The pore volumes obtained for the pillared montmorillonite samples
are generally smaller than for pillared beidellite as could be inferred from the smaller
surface areas. The pore distribution for Ga13-montmorillonite (Figure 4.13) is very broad
suggesting the presence of inhomogeneous pillars.
The pore distribution curves of the pillared beidellite samples also have sharper
peaks (Figures 4.6-4.11) more like those of zeolite samples.

This provides further
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A1 13 -Beidellite

Volume Adsorbed
5.0
4.5
4.0
3.5
3.0
Veds ( cc)

2.5
2.0
1.5
1.0
0.5
0.0

0

003 . 006 . 009 .012 . 015 . 018 . 021

.024 . 027

.03

Relative Pressure

Pore Size Distribution
20
18
16
14
12
6.V/AR

10
B
6
4
2
0

0

.13

.26

. 39

Maximum in pore distribution occurs of

. 52 . 65 . 78 . 91
Pore Diameter ( nm)

1.2

1.3

0.79 nm.

Figure 4.6: Argon Adsorption Isotherm and Micropore Size Distribution
of A113-Beidellite
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A1 13-Beidellite (GaIA1=O.15)
Volume Adsorbed
5.0
4.5
4.0
3.5
3.0

Vads ( cc)

2.5
2.0
1.5
1.0
0.5
0.0

0

.003 . 006 . 009 . 012

015 . 018 . 021 . 024 .027

.03

Relative Pressure

Pore Size Distribution
20

IC
16

14
12
10

e

.13 .26

. 39

.52

65

78

. 91

Pore Diameter ( nm)
Maximum in pore distribution occurs at

0.79 nm.

Figure 4.7: Argon Adsorption Isotherm and Micropore Size Distribution
of A113-Beidellite (Ga/Al=O. 15)
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Ga 13-Beidellite
Volume Adsorbed
4.0
3.6
3.2
2.8
2.4
Veds (cc)

2.0
1.6
1.2
0.8
0.4
0.0

0

.003 . 006

.
009 . 012 .015 . 018

021 . 024 .027 .03

Relative Pressure

Pore Size Distribution
20
18
16
14
12
&V/AR

10
8
6

.13 . 26

.39

52

. 65

.78

. 91

12

1.3

Pore Diameter (nm)
Maximum In pore distribution occurs at

0.79 nm.

Figure 4.8: Argon Adsorption Isotherm and Micropore Size Distribution of
Ga i3-Beidellite
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Ga13-Beidellite (GaIAl=O.15)
Volume Adsorbed
4.0
3.6
3.2
2.8
2.4
Vads ( cc)

2.0
1.6
1.2
0.8
0.4

0

.003 . 006 .009 .012 . 015 .018

021 .024 . 027 . 03

Relative Pressure

Pore Size Distribution
20
18
16
14
12
10
a
6

.13 . 26

. 39

Maximum in pore distribution occurs at

.52 . 65
78
Pore Diameter ( em)

.
91

1.2

1.3

0.79 nm.

Figure 4.9: Argon Adsorption Isotherm and Micropore Size Distribution
of Gai3-Beidellite ( Ga/A1=O.15)
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GaA1 12 -Beidellite

Volume Adsorbed
5.0
4.5
4.0
3.5
3.0
Vads ( cc)

2.5
2.0
1.5
1.0
0.5
0.0

a

.002 . 004 . 006 . 008 .01 .012 .014 . 016 . 018 . 02
Relative Pressure

Pore Size Distribution

AV/AR

.13 . 2.6 . 39

. 52

. 65

78

.
91

1.2

1.3

Pore Diameter ( nm)
Maximum in pore distribution occurs at

0.79 nrn.

Figure 4.10: Argon Adsorption Isotherm and Micropore Size Distribution
of GaAIiz-Beidellite
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GaAL 12-Beidellite (Ga/AI=O.15)
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Figure 4.11: Argon Adsorption Isotherm and Micropore Size Distribution
of GaAI12-Beidellite (Ga/AI=O.15)
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confirmation that the structural changes which take place while calcining pillared beidellite
result in astructure similar to abidimensional zeolite.
Gil et al. 141143 obtained micropore size distributions for Al-pillared clays based on
the slit-pore model. They studied the influence of the Al/clay ratio on the micropore pore
size distributions. For low Al loadings unimodal pore distribution occurred but when the
Al/clay ratio was increased bimodal pore distribution was observed. The measured pore
diameter is ca. 0.6 nm which is 0.2 nm smaller than the values reported in this thesis. This
might be aresult of the assumed slit-pore geometry which generally gives smaller pore
diameters than the cylindrical pore model 88 . Gil et al. argued that the microporosity at
smaller pore diameters is in agreement with asymmetry of the XRD peak 141 .Nevertheless,
the findings in this thesis suggest that the bimodal pore distribution is aresult of the
differences in interlayer and interpillar distance.

Comparison with calculated lateral

distances as well as observed dool reflections support this idea.
In conclusion it can be confirmed that the pillaring of clay minerals is essential in
generating micropores where most of the surface area resides. A relation between an
increase in surface area and micropore volume can be seen. Pillared beidellite has larger
micropore volumes than pillared montmorillonite. Micropore analysis by means of argon
adsorption provides more realistic data than one-dimensional XRD results since both the
interlayer as well as the interpillar distance determine the micropore size distribution. The
cylindrical pore geometry seems to be a good approximation for the analysis of
microporosity in pillared clays also. The obtained results are in good agreement with both
XRD results (interlayer spacing) and calculated interpillar distances.
presented here suggest that the observed peaks at

ca.

The findings

0.8 nm and 0.6 nm in the pore size

distribution graphs correspond to the lateral and the interlayer distance, respectively.
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A1 13-Montmorillonite
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Figure 4.12: Argon Adsorption Isotherm and Micropore Size Distribution
of A113-Montmorillonite
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Ga 13 -Montmorillonite

Volume Adsorbed
4.0
3.6
3.2
2.8
2.4
Veds ( cc)

2.0
1.6
1.2
0.8
0.4
0.0

0

.003 . 006 . 009 . 012 . 015 . 018 . 021 .024 .027 .03
Relative Pressure

Pore Size Distribution
20
18
16
14
12
10
8
6
4
2
0

0

.13

.
26

.
39

Maximum in pore distribution occurs at

. 52 . 65 . 78
Pore Diameter ( nm)

.
91

1.2

1.3

0.79 nm.

Figure 4.13: Argon Adsorption Isotherm and Micropore Size Distribution
of Ga13-Montmorillonite

chapter 4

109

GaA1 12-Montmorillonite
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Figure 4.14: Argon Adsorption Isotherm and Micropore Size Distribution
of GaAI12-Montmorillonite
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Relative Thermal Stabilities and Effect of Thermal Treatment on
Pillar Interlayered Beidellite

4.3.1 Introduction
The quest for highly microporous and thermally stable cracking catalysts continues
to be the focus for the preparation of pillar interlayered structures.

Recent studies

examining the thermal stability of PILCs include the comparison of the relative thermal
stabilities of Al13,

Ga13,

and GaAl12-pillared montmorillonite58 '
59 .The thermal stabilities

follow the order Ga13-montmorillonite < Al13-montmorillonite

<

GaAll2-montmorillonite

which corresponds to the stabilities of the respective polyoxocations in solution. It was
found that the GaAll2-polyoxocations afford extremely stable pillared structures. Similar
reports of highly stable Ga-Al pillared montmorillonite were published shortly
thereafter' 49 '
150 .The preparation and characterization of ahighly stable GaAll2-pillared
rectorite' 51 and aGaAll2-pillared bentolite-H 152 were reported; these PILCs are thermally
stable above 700° C.
Kloprogge et al. also investigated the effect of thermal treatment on the properties of
hydroxy-Al and hydroxy-Ga pillared montmorillonite and beide11ite 153 . The following
discussion of the observed thermal stabilities of Au3, Ga13, and GaAl12-pillared beidellite
will further relate to their findings.

4.3.2 Discussion of Results for the Thermal Treatment of Pillared
eidellite
Synthetic beidellite was pillared separately with Al13, GaAll2, and Ga13
polyoxocations to evaluate the thermal stabilities of these samples by measuring achange in
surface area upon thermal treatment as well as achange in the basal spacing as measured by
X-ray powder diffraction.
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The d01 basal spacing of each sample was measured after heating for periods of 12
hours at each of several progressively higher temperatures from 100° to 700° C (cf. Table
4.4) for periods of 12 hours.
Figure 4.15 shows acomparison of the thermal stabilities of the various pillared
beidellite samples by measuring the

døi

basal spacing as afunction of the temperature.

After 12 hours at 400° C the basal spacings of pillared beidellite decreased only minimally.
The basal spacings of the Al13- and the Ga13-pillared beidellite decreased by 7% of their
original values at room temperature and the basal spacing of GaAl12-pillared beidellite
decreased only by 6% of its original value. After 12 hours at 700° C the basal spacing of
the PILCs had decreased only slightly more. The d001 spacing of the A113-beidellite has
decreased by 13%, the GaAll2-beidellite has decreased by 11.5% and the Ga13-beidellite
has decreased by 11% of their original values at room temperature. The thermal stabilities
of all three pillared beidellites were found to be similar to the corresponding pillared
montmorillonites up to 500° C; above that temperature differences were noted. Figures
4.16 and 4.17 show the powder XRD patterns of the various pillared beidellite samples
after heating them at 400° C and 700° C respectively, which give a more realistic
representation of the thermal stability than just acomparison of the numerical values of their
døi basal spacing. The X-ray powder patterns after heating the samples at 700° C clearly
show astronger intensity of the

dool

peak for Ga13-beidellite than for A113-beidellite, i.e.

that the order of the thermal stabilities has reversed for the Al13- and the Ga13-pillars.
Therefore, at 700° C and above the stabilities of the pillared beidellite samples follow the
order A113-beidellite < Ga13-beidellite < GaAl12-beidellite.
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Table 4.4:

di Basal Spacing as a Function of Temperature

Temperature

A113-Beidellite Al 13-Beidellite Ga13-Beidellite

GaA112-Beidellite

[A]

[A]

[A]

[A]

22

18.9

18.8

19

19.1

100

18.8

18.7

18.9

18.7

200

18.4

18.3

18.7

18.4

300

17.9

17.8

18.3

18.1

400

17.5

17.5

17.8

17.7

500

16.9

16.8

17.2

17.5

600

16.4

16.5

16.9

17.1

700

16,4

16.3

16.8

17

16.8

17
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Figure 4.15: Basal Spacings of Pillared Beidellites as a Function of
Temperature
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Figure 4.16: XRD Powder Patterns of Pillared Beidellite Calcined at 400°C:
(a) A113-Beidellite; (b) GaAl12-Beidellite; (c) Ga13-Beidellite
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Figure 4.17: XRD Powder Patterns of Pillared Beidellite Calcined at 700°C:
(a) A113-Beidellite; (b) GaA1j-BeideIIite; (c) Ga13-Beidellite
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The thermal stabilities were also investigated by measuring the surface area of each
sample after thermal treatment; Figure 4.18 shows this change in surface area as afunction
of temperature. The samples were left at each temperature (Table 4.5) for 4hours before
the surface areas were re-measured.
samples to

7000

The results show that after heating the pillared

C the surface areas decreased to 57% of its original value for A113 -

beidellite and to 63% of its original value in the case of Ga13- and GaAl12-pillared
beidellite. This confirms the findings from the XRD experiment which showed alower
thermal stability of the A113-pillared beidellite after thermal treatment at 7000 C.
Thus, it can be concluded that beidellite intercalated with large polyoxocations has
the necessary thermal stability needed for application in catalytic processes.

Pillared

beidellite has stable gallery heights even above 700 ° C; they decrease only by 2 2.4
-

A

from their original values at room temperature as measured by X-ray powder diffraction.
The most stable pillared beidellites are those formed with the GaAl12 polyoxocation. The
stability of the A113-beidellite and the Ga13-beidellite follow the order of stability of the
polyoxocations in solution up to 500° C (Ga13-beidellite < A113-beidellite < GaAl12beidellite); above this temperature differences were noticed. The order of the relative
thermal stabilities has changed as follows: A113-beidellite < Ga13-beidellite < GaAlbeidellite. These results are different from those observed for pillared montmorillonite.
Upon heating to 700° C the thermal stabilities of these samples still increase in the order
Ga13-montmorillonite < A113-montmorillonite < GaAll2-montmorillonite58 ,which is the
order of stability of the tridecamers in solution.
Thermal treatment of pillared clays with tetrahedral layer charge, such as pillared
beidellite, has been shown to induce areaction between the Al13 pillars and the tetrahedral
sub-layer of the beidellite

frameworklM.

pillared beidellite were observed with

The structural changes which occur upon heating

27 A1

and 29 Si MAS NMR and compared to the NMR
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Table 4.5:

Table of Surface Areas of Pillared Beidellite as a Function of
Temoerature

Temperature
C]

A113-Beidellite A113-Beidellite Ga13-Beidellite

GaA112-Beidellite

[m2/g]

[m2/g]

[m2/g]

[m2/g]

100

446

'i'll

439

345

200

459

456

476

334

300

433

427

465

326

400

394

376

425

300

500

335

323

356

260

600

295

295

333

242

700

263

257

299

212

[0

Figure 4.18: Surface Areas of Pillared Beidellites as a Function of
Temperature
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spectra obtained after thermal treatment of pillared clays with octahedral layer charges, such
as hectorite. It has been suggested that upon calcination of pillared beidellite protons may
be eliminated because of the high acidity of the Al13 pillars. These protons would then
open Si-O-Al bridges near aluminum sites in the tetrahedral sub-layer (aluminum tetrahedra
are the weakest part of the tetrahedral sub-layer). The reaction of these acidic OH groups
with OH groups of the pillar bonded to octahedrally coordinated aluminum (pillar) would
firmly fix the pillars to the clay layer with formation of Sici
ay layerO-Alpiiiar or Al ci
ay layer
O-Alpill ar bridges. The reaction of the pillars with the clay surface joins them inseparably
together and hence pillared beidellite can be considered as abidimensional zeolite.
27 A1

MAS NMR spectra of uncalcined and calcined A113- and Ga13-pillared

beidellite were collected in order to observe these structural transformations upon thermal
treatment (Figures 4.19 and 4.20). Table 4.6 summarizes the observed chemical shifts and
relative intensities of these samples.

Table 4.6:

27 A1

MAS NMR Shifts and Relative Intensities of Uncalcined

and Calcined Ali- and Gai- Pillared Beidellite
Al (tetrahedral)

Al (octahedral)

Sample

6 [ppm] Irel. intensity [%]

8 [ppm]

rel. intensity [%]

A113-Beidellite (uncalcined)

3.8

79

66.8

21

A113-Beidellite (calcined)

2.1

92

65.6

8

Ga13-Beidellite (uncalcined)

3.4

76

65.5

24

Ga13-Beidellite (calcined)

1.8

93

65.0

7

-

The 27A1 MAS NMR spectra of Al13- and Ga13-pillared beidellite have two features
(one peak near 3ppm and one peak near 66 ppm) which have been assigned to aluminum
in octahedral and aluminum in tetrahedral coordination, respectively. A113-beidellite has the
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most intense band at 3.8 ppm; this band, which contributes 79% of the total intensity, must
be due to octahedral aluminum in both the clay layer and the pillar. The other band at 66.8
ppm (21%) is aresult of tetrahedral aluminum in the clay layer as well as in the pillar. Plee
et al. 144 could actually observe, with an 11.7 T NMR field, two separate peaks for the
tetrahedral aluminum, one at 69.1 ppm and one at 62.3 ppm which they assigned being due
to different environments of tetrahedral aluminum in the clay layer and in the Al13 pillar,
respectively. However, with the 7T field available for the work reported here it was not
possible to obtain such aresolution. After the A113-beidellite has been heated for 4hours at
500° C similar changes as those observed by Plee et al. 144 and Kloprogge et al. 153 were
noted.

The tetrahedral aluminum peak shifted slightly upfield to 65.6 ppm and has

significantly decreased in intensity, i.e. it contributes only 8% to the total intensity. The
octahedral aluminum peak also shifted upfield to 2.1 ppm and contributes now 92% to the
total intensity. Upon closer examination of the peak due to tetrahedral aluminum (Figure
4.19b) atail towards lower field can be noted. Again, Plee et al. 144 were able to resolve
this peak further and could assign achemical shift for this signal at 56.5 ppm. Kloprogge
et al.' 53 observed two new features at 54.9 ppm and 29.6 ppm upon calcination above 350°
C. The literature reports chemical shifts for tetrahedral aluminum in zeolites at 53 ppm 154
and 54 ppm 155. Plee et al. 144 suggested that the newly formed linkage between the pillar
and the tetrahedral clay layer upon calcination induces an inversion of an aluminum
tetrahedron of the tetrahedral clay layer which would explain the shift in band position to
56.5 ppm.

The decrease in intensity was explained by them as resulting from a

transformation of the pillar entailing the loss of OH groups, arotation of the aluminum
octahedra in the second octahedral layer and mainly the loss of tetrahedral aluminum in the
pillar. Kloprogge et al.' 53 also assigned their observed resonance at 54.9 ppm to the new
tetrahedral aluminum environment.
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However the examination of the 27A1 MAS NMR spectra of uncalcined and calcined
Ga13-pillared beidellite (Figure 4.20) may shed some new light on this theory since pillar
contributions to the observed aluminum signals can be excluded.

Uncalcined Ga13-

beidellite also has two features at 65.5 ppm and 3.4 ppm due to tetrahedral and octahedral
aluminum, respectively. These signals have similar relative intensities to those seen for
A113-pillared beidellite, i.e. tetrahedral aluminum contributes 24% and octahedral aluminum
76% to the total intensity. Since the relative intensities are so similar to those seen for A113 pillared beidellite, it would suggest that the observed 27 A1 signals in both cases are mainly
due to aluminum in the clay layers. Calcination of the Ga13-pillared beidellite also causes a
significant loss in intensity of the tetrahedral aluminum peak (7%, rel. intensity) and a
reinforcement of the octahedral aluminum peak (93%, rel. intensity). The signals also shift
slightly upfield to 65 ppm for tetrahedral aluminum and to 1.8 ppm for octahedral
aluminum. Since the loss of intensity for tetrahedral aluminum can be observed (even with
the same relative intensities as for A113-beidellite) it appears that Plee' set al. explanation
may be incomplete. The loss of intensity must be at least partially due to the reduction in
symmetry of the aluminum in the tetrahedral clay layer, perhaps upon inversion of the
aluminum tetrahedron in the layer. This structural re-arrangement of pillared beidellite
upon calcination might cause the environment of the aluminum to be significantly distorted
from tetrahedral symmetry which will inevitably increase the quadrupolar interaction; as a
result, line broadening will occur or in some cases it may not be possible to detect asignal
at all 113 .
Infrared spectra were also collected to further observe structural transformations of
calcined pillared beidellite. Al13-, Ga13- and GaAl12-beidellite were calcined for 4hours at
500° C and their FTIR spectra were re-measured after this calcination step. The most
notable differences occur for the librational modes (Al-OH-Al) at 930 and 890 cm-1,the
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Si-O-Al bending vibration at 530 cm-1,the band at 628 cm-1 due to Al-0 in the octahedral
layer, and the lattice hydroxyl stretching mode near 3640 cm-1.Figures 4.21-4.23 show
the infrared spectra obtained of the respective uncalcined and calcined samples.
The calcination of A113-beidellite results in adecrease in intensity as well as in a
shift of the band at 534 cm-1 to 540 cm-1.The band at 628 cnr 1 shifts to 622 cm-1 and also
loses much of its intensity. The librational modes at 889 cm-1 and 931 cm -1 shift to 897
cm -1 and 944 cm-1. The intensity of these librational modes also decreases upon
calcination and it is difficult to still assign aband position since they are almost suppressed.
The hydroxyl stretching mode at 3640 cm-1 remains at its position but also undergoes a
decrease in intensity. The infrared spectrum also shows abroad band centred at 3450 cm-1.
A band in this region could be due to adsorbed water but since thermal treatment causes a
significant increase in intensity of this peak and ashift to 3430 cm -1 it probably is from
some other source. Schutz et al. 146 suggested that heating pillared beidellite results in the
formation of anew band at 3440 cm-1 which is the result of silanol groups in the tetrahedral
layer. The Si-O-Al bonds were thought to be broken by proton attack as follows:

Q%\\

/

Si

0\

/

0

heat

oil

Al

The calcination of Ga13-beidellite causes avery dramatic increase in intensity due to
formation of silanol groups and the band due to these almost overshadows the hydroxyl
stretch at 3650 cm -1.The Si-0-Al bending vibration at 532 cm-1 shifts to 539 cm-1 and
loses some of its intensity. The band at 630 cm -1 undergoes aloss in intensity and ashift
to lower wavenumbers, viz. 622 cm -1.Similar to A113-beidellite, the librational modes of
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Ga13-beidellite at 931 cm -1 and 890 cm -1 shift to 944 cm -1 and 896 cm-1,respectively;
they also lose most of their intensity.
The effect of thermal treatment on GaAl12-beidellite is comparable to that observed
for A113-beidellite. The hydroxyl stretch at 3640 cm-1 shifts to 3635 cm-1 and loses some
of its intensity.

Concurrently the formation of silanol groups upon proton attack on

Si-O-Al bonds increases the intensity of the hydroxyl stretch at 3450 cm-1 to acertain
extent. The librational mode at 928 cm-1 experiences ashift to 936 cm -1 and aloss in
intensity. The other librational mode at 889 cm-1 loses some of its intensity but does not
shift significantly (890 cm-1). This is similar to the behaviour of the band due to the Al-O
vibration in the octahedral layer at 626 cm-1;this band loses some of its intensity but does
not undergo ashift in band position. The Si-O-Al bending vibration at 533 cm-1 shifts to
538 cm-1 and also loses some of its intensity.
FTIR spectroscopy as well as

27 Al

MAS NMR both give an indication of structural

changes occurring during thermal treatment of pillared beidellites. In particular, reactions
between the pillars and the tetrahedral sheet of beidellite can be noted. Chourabi et al.' 56
and Schutz et al. 1'6 showed that upon thermal treatment of NB-beidellite Si-OH-Al
silanol groups form. The presence of strong silanol groups in the infrared spectra suggests
that similarly protons from the pillar must react with Si-O-Al groups in the tetrahedral
beidellite layer. A reaction between the pillar and these protonated Si-OH-Al bridges firmly
anchors the pillar between the beidellite layers upon formation of either Sii ayer-OAl"1pjiiar/Ga" 1piii ar or Al"iayer OAl"piii ar/Ga"piii ar linkages.
Kloprogge et al. 153 attempted to characterize the effect of hydrothermal treatment
also on Ga13-montmorillonite. However, after heating at 350° C the pillar in their sample
completely collapsed. No attempt was made to prepare the Ga13-pillared beidellite. They
also reported that large basal spacings upon pillaring of beidellite could only be obtained
after exchange rates of 30 meq Al 3 /g beidellite whereas 10 meq/g did not result in an
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increase in the basal spacing. The much higher amount of pillaring species required in
comparison to montmorillonite has been attributed to other Al monomeric and oligomeric
species being preferentially adsorbed' 45 '
153 .However, the results reported in this thesis
do not support these findings. Maximum basal spacings upon pillaring of beidellite were
observed after exchange rates of 5.5 meq Al 3 /g clay; all samples were pillared with an
excess of pillaring solution of 10 meq A1 3+/g. The much larger amount of pillaring species
needed by Plee et al. and Kioprogge et al. may be an indication of impurities still present in
their beidellite samples.

4.4

Acidity Studies

4.4.1 Temprature Programmed Desorption Using 2-Propanamine
4.4.1.1 Theory of Temperature Programmed Desorption (TPD)
Temperature programmed desorption has become an important technique in
estimating the surface acidity of heterogeneous catalysts.

Falconer and Schwarz 157

reviewed this method with its advantages and drawbacks. TPD can be apowerful tool in
obtaining information about the nature, the strength, and the number of acid centres which
are of importance in acid-catalyzed reactions.
A typical TPD experiment to measure the acidity consists of the following steps:
pretreatment, adsorption, and desorption. The samples have to be pretreated (calcining or
outgassing) in order to remove water and/or impurities from the catalyst surface. In the
next step, the adsorption step, the sample is contacted with abase molecule (adsorbate).
The final step is the desorption step, in which the temperature is linearly raised while the
catalyst surface is flushed with an inert carrier gas. The desorbed molecules will be carried
by the inert gas to the detector. Both intrinsic as well as extrinsic acid properties of the
catalyst can be obtained by measuring the desorption temperature and the amount of
desorbed molecules. It is difficult to get this combined knowledge by other methods, such
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Figure 4.24 shows the results of a typical TPD experiment.

The intrinsic

properties, which indicate the strength of the acid sites, can be acquired by measuring the
desorption temperature. In order to gain some knowledge about the extrinsic properties,
the amount of desorbed base molecules has to be determined since the area of the signal is
related to the number of acid sites.

TPD is a transient technique and hence allows

mechanistic conclusions to be drawn. There are three variables which change constantly
with time: the temperature, the surface coverage of the adsorbate, and the desorption rate.

TEMPERATURE

Figure 4.24:

Typical TPD Results.

Plot of Detector Signal Intensity vs.

Desorption Temperature of Sample
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The objective of this TPD experiment was to estimate and compare the surface
acidity of beidellite and montmorillonite clay mineral catalysts. In addition, it was of great
interest to obtain further information on the effect of isomorphous substitution on the acidic
properties of the synthetically prepared beidellite catalysts. The method of propanamine
TPD was developed by Gorte et al. 158160 . The thermal analysis of adsorbed
propanamines has also been used for the characterization of H-MFI and Ga-MFI
substituted zeo1ites 161 '
162 .
Principally, there are two mechanisms by which the probe molecule 2-propanamine
can interact with and desorb from the catalyst surface.

One possibility would be the

Hofmann elimination via interaction with protonic sites and the second possible mechanism
would involve adsorption of two 2-propanamine molecules to one protonic site with
formation of the dipropylammonium cation. A third mechanism has been suggested in the
literature which involves the adsorption of 2-propanamine to Lewis (metal) sites 162 .These
mechanisms will be discussed further below.

Mechanism of Adsorption to Brønsted sites Involving the Formation of Propylammonium
Cations

(Hofmann

Elimination)

Upon adsorption of 2-propanamine to Brønsted sites on the clay surface a
quaternary ammonium ion is formed in the following way:

C3H7NH2 + H-clay -> [
C3H7NH3] clay

-

[
1]

This quaternary ammonium ion carries apositive charge which is localized at the
nitrogen. The Hofmann elimination is one of the most important elimination reactions that
takes place when such an amine is heated. The propylammonium ion will decompose
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under such conditions to propene and ammonia in amolar ratio of 1:1. This is expressed in
equation 2:

[C3H7NH3] clay

Mechanism

- ->

of Adsorption

to

CH2=CH-CH3

BrØnsted

sites

+

NH3

+ H-clay

Involving

the

[2]

Formation

of

Dipropylammonium Cations
Another mechanism by which propanamine adsorbs on Brønsted sites of the clay
and then desorbs with decomposition into its major fragments (propene and ammonia)
involves the formation of the dipropylammonium cation. This mechanism assumes the
adsorption of two propanamine molecules per active site. In an initial step the propanamine
interacts with aprotonic site on the clay surface in amanner analogous to that described for
the Hofmann elimination with formation of the propylammonium cation. This cation can
undergo anucleophilic substitution reaction with another propanamine molecule to give rise
to the dipropylammonium cation, with elimination of ammonia (equation 3-5).

C3H7NH2
C3H7NH2

+

+

[
C3H7NH3]

C3H7NH2... [C3H7NH3]

H-clay

clay

-

clay

-

->
->

[
C3H7NH3]

C3H7NH2..

->

e

clay -

[3]

[
C3H7NH3]+ clay

[(C3H7)2NH2]+ clay

- +

NH3

[4]
[5]

Figure 4.25 shows amore realistic representation of the mechanism which leads to
the formation of the dipropylammonium ion.
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R—NH2

+

-

clay

—CR—N®
H2

NH3

+

clay ê

Figure 4.25: Formation of Dipropylammonium Ions

A variety of decomposition reactions of the adsorbed complexes upon temperature
programmed desorption can occur.

[C3H7NH3] clay
[(C3H7)2NH2]

->

C3H6 + NH3 + H-clay

[6]

clay - -> 2C3H6 + NH3 + H-clay [7]

[(C3H7)2NH2]+ clay - -> C3H6 + C3H7NH2 + H-clay [8]

Depending on which of the decomposition pathways predominates, the molar ratio
of propene to ammonia may range from 1to infinity. The propylammonium ion desorbs
with elimination of propene and ammonia in a1:1 ratio (equation 6). The decomposition of
the dipropylammonium ion as in equation 7yields two moles of propene and one mole of
ammonia and hence would lead to an increase in the propene to ammonia ratio to 2 (one
mole of NH3 was already lost in the initial adsorption step). The other decomposition
reaction of the dipropylammonium ion (equation 8) produces one mole propene and
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propanamine, and no ammonia. Thus, if this pathway predominates, the ratio of propene
to ammonia would increase to infinity.

Adsorption to Lewis (Metal) Sites
Kanazirev et al. 162 showed that more than one 1-propanamine molecule per site
was adsorbed on Ga-MFI zeolites. They suggested the formation of acomplex of two
propanamine molecules coordinated to the gallium of the zeolite, a Lewis site.

This

complex releases ammonia and the disubstituted amine remains adsorbed to the metal
cation. Upon heating, the disubstituted amine decomposes to propene, propionitrile, and
hydrogen. Therefore, the decomposition of propanamine is not unimolecular anymore.

2C3H7NH2 + M-clay -> [(C3H7NH2)2M] clay
[(C3H7NH2)2M] clay -> NH3 + [(C3H7)2NHM] clay

[
91
[ 10]

[(C3H7)2NHM] clay -> C3H6 + CH3CH2CEN + 2H2 + M-clay [ 11]
[M=Al, Ga, Cr]

It has been argued by Kanazirev et al. 161 '
162 that steric or other constraints on the
complexes do not permit the coordination of more than one 2-propanamine molecule per
active site. Also, the formation of propionitrile in the desorption step would only be
possible if 1-propanamine was adsorbed to the surface. Therefore, this mechanism is only
likely to occur for the adsorption of 1-propanamine and can be ruled out for the more
sterically-hindered 2-propanamine.

4.4.1.2 Results and Discussion for 2-Propanamine TPD
The TPD of propanamine from GaAlI2 pillared beidellite is shown in Figure 4.26.
This sample was chosen because it is typical of the TPD curves found in this work and
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shows all the peaks of interest; it will be discussed and compared to the TPD of
propanamine from the other PILCs in part C of this section.
TPC of GaAl1 2-Beidellite

in Helium
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Figure 4.26: Mass Spectral Analysis of Propanamine TPD from
GaA112-Bedellite
The following peaks were monitored throughout the TPD of 2-propanamine from
the various tested samples, rn/e=58 (
propanamine), m/e=41 (
propene), m/e=18 (water),
m/e=17 (ammonia, water), and m/e=16 (ammonia, water).

Since propanamine

decomposes with elimination of propene and ammonia, it will be of interest to monitor the
desorption of these products. Special care must be taken while measuring the desorption of
ammonia (m/e=17, 16) because water (m/e=18, 17, 16) can interfere with the ammonia
peaks at m/e=17 and m/e=16. Therefore, all three masses, 18, 17, and 16, were monitored
in order to identify the contributions of water and ammonia to the TPD curves; the peak at
ni/e=16 showed the least interference with water and hence it was chosen to measure the
desorption of ammonia from the samples.

Thus, when discussing the desorption of
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ammonia in the rest of this section reference will be made to the desorption profile for
m/e=16.
The TPD curves were obtained for atemperature range from

500

to 600°C. The

desorption was stopped at 600°C because the dehydroxylation of the clay layers starts at
this temperature.

This was noted as the peaks for m/e=18, m/e=17, and m/e=16 all

coincide at this temperature. Therefore, the peak for m/e=16 near 600°C is due to water
and not ammonia. The characteristic peaks of ammonia and propene appear between

ca.

270°C and 550°C, with propene usually desorbing slightly before ammonia. The following
discussion will focus on the desorption peaks of propene, ammonia, and propanamine in
this temperature region.
The TPD curve in Figure 4.26 also shows peaks for both ammonia and propene
around 120°C. Kanazirev et al. 162 suggested that those peaks are due to the fragmentation
of propanamine in the mass spectrometer. However, fragmentation of propanamine can
not be the only reason for the occurrence of these peaks or else propene and ammonia
would appear at exactly the same desorption temperature. The presented results show
clearly that the ammonia and the propene peak are slightly shifted with ammonia desorbihg
before propene. This is different from the main features between 270-550°C where the
propene desorption starts before the ammonia desorption.

This also rules out the

possibility of areaction occurring on the external surface of the clay particles since the same
desorption pattern would be expected, but at alower temperature. Where does this "extra"
ammonia come from?

One possible explanation for this phenomenon could be the

elimination of ammonia in the initial adsorption step where two 2-propanamine molecules
are coordinated to one Brønsted site involving the formation of dipropylammonium cations.
This would also explain why there is usually less ammonia detected than propene in the
temperature range from 270-550° C. Therefore, the peaks for m/e=16 and m/e=41 near
120°C are most likely a combination of propanamine fragmentation and ammonia
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elimination caused by the adsorption of two propanamine molecules per one Brønsted site
(cf. section 4.4.1.1). This hypothesis is further supported by the results obtained for the
montmorillonite samples. These samples desorb relatively more ammonia than propene
near 120°C and more propanamine near 300°C, which suggests the decomposition of the
dipropylammonium ion according to equation 8.

A.

A Comparison of Beidellite and Gallium Exchanged Beidellite
Table 4.7 summarizes the results for 2-propanamine TPD of the Mg-exchanged,

gallium substituted samples. Differences in the desorption features have been noticed. The
peak for propene at m/e=41 appears at lower temperatures upon incorporation of gallium
into the beidellite framework.

However, this temperature shift could be caused by

experimental error (see also chapter 2).

The peak areas obtained with the gallium

substituted samples are about 30% smaller than those obtained for the unsubstituted
beidellite. This probably is due to the reduced surface areas of the gallium containing
beidellite samples, which are also about 30% smaller than those of unsubstituted beidellite
(cf. Table 4.7). The higher the gallium loading the more prominent is the shoulder slightly
to the left of the main feature, near 220° C, as shown in Figures 4.27 and 4.28. Since this
peak is only apparent as ashoulder it is difficult to separate it from the dominant peak at ca.
300°C. There is no evidence for this underlying peak in the temperature profile of the
unsubstituted beidellite samples.
Ammonia (m/e=16) gives rise to two peaks in the temperature programmed
desorption of 2-propanamine, alow temperature peak near 330° C (20% of the total peak
area) and ahigh temperature peak near 550° C (80% of the total peak area), see Figures
4.27 and 4.28. The area of the low temperature peak increases with higher amounts of
gallium present in the clay sample. It becomes the main peak (
75% of the total area) in the
desorption profile for samples having higher gallium loadings such as Ga/AI=0.15.

Table 4.7:

Summary of TPD Data for Beidellite, Gallium Substituted Beidellite, and Chromium
Substituted Beidellite

Sample

Surface Area

[m2lg]

m/e=16
T [°C]

area

[amp*s]

T [°C]

f=2.34

Mg-Beidellite

Mg-Beidellite (Cr/Al--0.05)
Mg-Beidellite (Cr/Al--0.10)
Mg-Beidellite (Cr/Al--0.15)

Mg-Beidellite (
Ga/A1=0.05)
Mg-Beidellite (Ga/A1=O.10)

Mg-Beidellite (Ga/Al=O.15)

a

vw=very weak

43

46
34
30

32
28

30

338

7.72E-08

546

3.04E-07

348

1.01E-07

532

1.09E-07

305

7.02E-08

521

1.33E-07

316

7.25E-08

542

1.47E-07

329

1.78E-08

545

5.15E-08

235

1.92E-08

341

3.74E-08

487

4.21E-08

222

2.34E-08

328

6.55E-08

m/e=58

m/e=41
area [amp*s] T [°C]
f=3.08

Intensity Ratio

area [amp*s]

m/e=41 : m/e=16

f=24.05

[total areal

303

1.82E-06

309

1.79E-06

351

3.85E-07

8.52

264

1.42E-06

=293

vwa

6.99

277

1.20E-06

=310

vwa

5.47

280

1.17E-06

296

1.23E-06

283

1.60E-06

4.77

16.88
241

1.54E-07

351

6.25E-08

228

1.42E-07

342

1.15E-08

12.46

18
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Conversely, the high temperature peak decreases in intensity and disappears completely as
the gallium loading becomes higher. A new peak appears at even lower temperatures near
22023O0 C at higher gallium loadings. This peak cannot be detected for unsubstituted
beidellite and even for the lowest gallium loading used in this experiment (
Ga/Al=O.05) it is
difficult to assign the position of this peak as it appears only as a slight shoulder. In
samples where 15% of the aluminum has been replaced with gallium this peak can be
clearly seen and the position of the peak as well as its area can be determined (Figures 4.27
and 4.28). However, an important difference between beidellite and gallium substituted
beidellite is that the total peak area for the mass m/e=16 (ammonia peak) is in average 80%
less for the samples containing gallium. This means that the propene/ammonia ratio is
higher for the gallium substituted beidellite than for the unsubstituted beidellite, suggesting
that there are indeed differences in acidity of the surfaces.
The decomposition of 2-propanamine on the catalyst surface and the desorption of
its decomposition products, ammonia and propene, is directly coupled for the Hofmann
elimination type mechanism. There is an overlap of the peaks for desorbed ammonia and
propene in the temperature range around 300°C.

These peaks are mainly due to the

decomposition of propylammonium cations over BrØnsted sites. In the high temperature
range there is little overlap between the appearance of propene and ammonia; the desorption
of these molecules is at least partially decoupled.

At least two explanations can be

proposed for the appearance of a high temperature ammonia peak for unsubstituted
beidellite and beidellite with low gallium loadings. Readsorption of previously desorbed
ammonia to surface sites is one of the possibilities. However, the unpillared clay samples
could adsorb 2-propanamine only on their external surface (the interlayer spaces are too
small) and thus readsorption would not play an important role. The other possibility for
this high temperature peak is that it may be attributed to desorption from Lewis sites. If
this is true, it suggests that the unsubstituted beidellite (and the beidellite with low gallium
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loadings) have more Lewis sites than the beidellite with high levels of isomorphous gallium
substitution.
Comparing the intensity ratios of m/e=41 : m/e=16 for all of the observed peaks, a
significant difference between beidellite and gallium substituted beidellite becomes
apparent.

This intensity ratio increases dramatically by about 200% from —5 for

unsubstituted beidellite to an average of ca. 16 for gallium substituted beidellite, i.e. much
less ammonia is desorbed during the TPD process. To explain this increase of the 141/116
ratio it is necessary to look back at the potential adsorption and decomposition pathways of
the adsorbate.

In the case of Hofmann elimination, equal amounts of propene and

ammonia would be expected to desorb from the catalyst surface. However, there is also
the possibility of two propanamine molecules adsorbing on one BrØnsted site.

This

pathway involves the formation of dipropylammonium cations, with elimination of
ammonia, which would be evacuated before the temperature-ramp phase of the desorption
step, and hence could not contribute to the peak intensity of the m/e=16 peak in the
desorption profile. As explained in section 4.4.1.1, there are two decomposition pathways
for these dipropylammonium cations. Depending on which pathway predominates the
intensity ratio
141/116

'41/116

could range from 2to infinity, as pointed out previously. Since the

ratios for the gallium substituted beidellite samples increased so tremendously, it

appears that the Hofmann elimination is occurring to alesser extent on these samples. The
results suggest, therefore, that the clay minerals containing framework gallium have fewer
Brønsted sites than does unsubstituted beidellite. The reduced number of acid sites creates
acompetition for those sites and the adsorption of two 2-propanamine molecules per site
occurs with agreater likelihood. This is supported by the desorption of propanamine at
temperatures of ca. 230-240° C and 340-350° C, probably as aresult of the decomposition
of dipropylammonium cations according to equation 8. Propanamine peaks are not seen at
all for unsubstituted beidellite in this temperature region.

Hence, the presence of
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Figure 4.27: Mass Spectral Analysis of Propanamine TPD from
(a) Mg-Beidellite and (b) Mg-Beidellite ( Ga/Al=O.O5)
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Figure 4.28: Mass Spectral Analysis of Propanamine TPD from
(a) Mg-Beidellite (Ga/Al=O.1O) and (b) Mg-Beidellite (Ga/Al=O.15)
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framework gallium seems to reduce the number of acid sites on the beidellite surface. The
presence of only one peak for propene in most of the cases implies that only one
mechanism occurs, or if two different mechanisms occur then propene desorbs at the same
temperature for both pathways.
The TPD results clearly show that isomorphous substitution of beidellite with
gallium causes changes in the surface acidity. Although

71 Ga

NMR and powder X-ray

diffraction provided solid proof for substitution in the octahedral sheet, the different
desorption properties of the gallium substituted samples might suggest that some
substitution in the tetrahedral sheet is also occurring. However, even substitution in the
octahedral sheet could still affect the surface properties of the samples, as is evident from
the different TPD profiles for gallium substituted beidellite and unsubstituted beidellite.
The results reported here suggest that whatever mechanism prevails, only the peak
area of ammonia (m/e=16) is directly related to the number of acid sites on the clay surface.
If the number of Brønsted sites is lowered through the presence of framework gallium then
there are more adsorbent molecules competing for these sites which will make the
adsorption of dipropylammonium ions to Brønsted acid sites more likely. This is indicted
by amuch higher propene to ammonia ratio for the gallium substituted samples as the
formation of dipropylammonium ions involves the elimination of ammonia before the TPD
starts.
Another curiosity is that the peak area for ammonia is highest for intermediate
gallium loadings (Ga/Al=O.lO). It was expected that the peak area would either increase or
decrease monotonically with increasing amounts of gallium. However, Barthomeuf163
found that for azeolitic framework, which has some similarity to clay minerals, the number
of strong protons (those which increase the

Brønsted

acidity) goes through amaximum as

the isomorphous substitution increases. It is interesting that asimilar effect is seen for
these clay minerals. Mg-beidellite (Ga/Al=O.1O) has the largest peak area for desorbed
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ammonium. This peak area, which is indicative of the number of Brønsted sites present, is
smaller for Mg-beidellite (Ga/Al=O.05) and Mg-beidellite (Ga/Al=0.15) by 30% and 10%,
respectively. Clearly, the number of

Brønsted

sites goes through amaximum just as it

does for zeolites.

B.

A Comparison of Beidellite and Chromium Exchanged Beidellite
A summary of the TPD results for these samples can also be found in Table 4.7

above. Much that has been said for the gallium exchanged samples also applies for the
chromium exchanged samples although the differences between beidellite and chromium
substituted beidellite are not as large as they were for gallium substituted beidellite. In
particular, the desorption features for mass 16 and 41 of the samples with the lowest
amount of chromium substitution are very similar to those seen for unsubstituted beidellite.
With increasing amounts of chromium substitution the propene peak (m/e=41)
shifts to lower temperatures by nearly 30 degrees, and concurrently the peak area
decreases.
The total peak area for ammonia desorbed from chromium containing beidellites
decreases by approximately 55% in comparison to unsubstituted beidellite, which is more
than can be accounted for by the reduced surface areas of chromium containing beidellite.
This suggests that the chromium also reduces the number of Brønsted sites on the
isomorphously substituted clays and hence the adsorption of 2-propanamine involves the
formation of dipropylammonium cations.
The desorption of ammonia occurs in two steps. Most of the ammonia (ca. 70%) is
given off near 530°C. The other 30% of ammonia is desorbed near 300°C. In contrast to
gallium containing beidellite the high temperature peak seen for the chromium substituted
samples does not disappear and no indication of alow temperature peak near 220°C could
be detected.

In the light of the ICP results however, this does not necessarily imply
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different properties for the chromium exchanged beidellites since the Cr/Al ratio turned out
to be less than expected and less than the Ga/Al ratios for the gallium substituted beidellites.
Therefore, the chromium substituted beidellite is not expected to affect the surface acidity to
the same degree as the gallium substituted beidellite does. The desorption of ammonia and
propene in chromium exchanged beidellite are also decoupled in the high temperature
region (530°C) as described in the section above.
The intensity ratio of propene to ammonia has increased by 50% of its original
value, i.e. from 5 for unsubstituted beidellite to an average of ca. 7 for the chromium
substituted beidellite samples. This confirms that chromium is not as effective in altering
the acidic properties of the samples as gallium is. With respect to the mechanism involved
this suggests that the desorption of propanamine still proceeds mostly via Hofmann
elimination.
The desorption profile shows some propanamine appearing at 350°C for the lowest
chromium loading; this sample also has the highest propene to ammonia ratio. For higher
chromium loadings it was difficult to observe the desorption of propanamine.

The

observation of propanamine in the desorption products suggests that the chromium
containing samples also promote the adsorption to Brønsted sites via formation of the
dipropylammonium ion, though to alesser extent than the gallium containing samples.

C.

Pillared Beidellite
Pillaring generally increases the peak areas of both desorbed propene and ammonia

dramatically. Expressed in per cent, this corresponds to an increase of about 1,000% for
the PILCs (see Table 4.8 and Figure 4.29).

The large peak areas of the desorption

products indicate that significantly more active acid sites are present, as expected because of
the large surface areas (cf. Table 4.7 and 4.8). In addition the pillars will also contribute to
the acidity so this immense increase in active sites is really a combined

for Beidellite and Pillared Beidellite
Sample

[m2/g]

T [°C]

area [amp*s]

T [°C]

A113-Beidellite

A113-Beidellite

43

251

338

7.72E-08

546

3.04E-07

318

5.85E-06

area [amp*s] m/e=41 : m/e=16
f=3.08

f=2.34

Mg-Beidellite

Intensity Ratio

m/e=41

m/e=16

Surface Area

-

[total area]

303

1.82E-06

4.77

302

1.69E-05

2.91

390

1.32E-07

240

322

5.62E-06

306

2.09E-05

3.73

189

306

1.71E-06

287

1.94E-05

10.58

459

1.24E-07

304

2.81E-06

286

3.08E-05

10.43

462

1.43E-07

(Ga/AI=O. 15)
Ga13-Beidellite
Ga13-Beidellite

230

(Ga/A1=0. 15)

GaAll2-Beidellite

327

306

6.08E-06

289

2.56E-05

4.2

GaAll2-Beidellite

264

285

5.38E-06

269

2.13E-05

3.95

(Ga/Al=0.15)
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effect of exposure of the interlayer surfaces and chemical modification through the
introduction of pillars. It has been shown that the pillars themselves can strongly alter the
catalytic activity of pillared montmorillonites 164'
165 .
Table 4.8 shows that the propene peak for the pillared samples appears at nearly the
same temperature as in unpillared beidellite. This shows that propene was not "held up" by
re-adsorption very much in the unpillared material, despite its different pore structure.
The ammonia peak at

340°C for unpillared beidellite shifts significantly to lower

temperatures (as much as 40-50 degrees) for the pillared samples.

Maybe, since the

interlayer spaces are too small to adsorb ammonia in the unpillared samples, the ammonia is
"held up" in the spaces between the clay platelets. Since much of the surface area of the
unpillared beidellite is in such spaces, the peak appears at higher temperature than in the
pillared samples, where much of the surface area is in large galleries. This can be seen in
particular for the large GaAl12 pillars which result in the lowest desorption temperatures for
ammonia as well as for propene. The ammonia peak of the pillared beidellite samples near
300 °C has become much more prominent in these samples. It desorbs at slightly higher
temperature than does propene giving rise to avery sharp peak as evidenced by the lower
ratio of FWHH:H (cf. Figures 4.26-4.29). That means that not even ammonia is "held up"
much in large pores. The large pore sizes of the PILCs minimize the readsorption of
ammonia and hence the high temperature peak for mass 16 near 500°C disappears with the
exception of the Ga13 pillared beidellite samples which still give rise to asecond ammonia
peak. This peak, however, appears to be shifted to lower temperatures ( 460°C) compared
to unpillared beidellite (-540°C). This might be due partially to the fact that the surface area
for the Gal 3-Pi llared beidellite is alittle smaller than for the other PILCs, and also that the
Gal pillar creates very strong sites which will hinder the desorption.
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Figure 4.29: Mass Spectral Analysis of Propanamine TPD from
(a) A113-Beidellite and (b) A113-Beidellite

(
GaIA1=O.15)
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The fact that no propanamine could be detected in the desorption profile of these
samples suggests that the adsorption/desorption mechanism does not involve the
dipropylammonium ion. The main adsorption pathway for the pillared samples must be via
adsorption of one propanamine molecule per Brønsted site and Hofmann elimination during
the desorption phase as indicated by the low

141/116

ratio. This correlates well with the

results reported in the section above where the reverse effect was the case.

The

introduction of pillars creates materials with large surface areas and pore sizes, thus more
Brønsted sites can be accessed by the probe molecules. The large number of Brønsted sites
reduces the competition for such sites, i.e. Hofmann elimination prevails when more
Brønsted sites are available and hence the desorption step involves the decomposition of
propylammonium ions which does not give rise to propanamine.
The comparison of the propene to ammonia intensity ratios shows, for most of the
samples, much similarity for the PILCs and unsubstituted beidellite. However, the Ga13
pillar provides an exception with intensity ratios being ca. 100% larger than for unpillared
and unsubstituted beidellite. Again, this increase in the amount of propene formed over
ammonia must be associated with the gallium; the presence of gallium clearly reduces the
number of BrØnsted sites as evidenced by the high

141/116

ratio. The decoupling of the

propene and ammonia evolution in the high temperature range might perhaps provide some
evidence for the interaction of propanamine with Lewis acid sites.

D.

Pillared Montmorillonite (STx-1) and Pillared Montmorillonite as Supports for NiO
and/or MoO3
The results for 2-propanamine TPD over montmorillonite (STx-1) samples are

given in Table 4.9. Looking at the results obtained for unpillared montmorillonite (Figure
4.30) it seems more important for this mineral than for beidellite to introduce pillars into the
clay layers in order to achieve any activity. This can be clearly seen by comparing the TPD

Table 4.9:

Summary of TPD Results for Montmorillonite, Pillared Montmorillonites, and Pillared
Montmorillonites as Supports for NiO and MoO

Sample

Surface Area
[m2/g]

m/e=16
T [°C]

m/e=41

area [amp*s] T

[O(]

f=2.34

area

[amp*s]

m/e=58
T ["Cl

f=3.08

Intensity Ratio

area [amp*s] m/e=41 : m/e=16
f=24.05

[total area]

A113-STx-1

126

332

1.17E-06

303

4.62E-06

A113-STx-1/Ni

121

315

1.50E-06

293

6.78EO6

•
277

1.11E-06

4.52

A113-STx-1/Mo

68

319)

9.36E-07

309

2.77E-06

276

2.26E-06

2.96

3.95

428)
A113-STx-1/Ni,Mo

77

321(b)

1.22E-06

306

3.70E-06

276

5.77E-06

3.04

Ga3-STx-1

219

332

1.43E-06

309

1.05E-05

=298

Wa

734

Ga13-STx-1/Ni

185

334

1.97E-06

311

1.17E-05

298

1.08E-06

5.95

Ga3-STx-1/Mo

100

316(b)

3.04E-06

305

8.O1E-06

272

1.44E-05

2.63

Ga13-STx-1/Ni,Mo

147

309(b)

3.04E-06

290

9.86E-06

264

1.11E-05

3.24

GaA112-STx-1

196

322

1.31E-06

298

7.70E-06

=293

vwb

5.88

GaA1l2-STx-1/Ni

148

321

1.66E-06

298

7.39E-06

286

8.66E-07

4.45

GaAl12-STx-lfMo

62

331(b)

1.36E-06

311

4.00E-06

280

6.73E-06

2.95

GaAll2-STx-1fNi,Mo

94

321

2.22E-06

305

5.24E-06

274

1.06E-05

2.36

Na-STx-1

96

6.47E-07

=326

vwb

a

w=weak

b

vw=very weak

299

-
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curve for Na-STx-1 (Figure 4.30) and A113-STx-1 (Figure 4.31).

However, in

comparison to pillared beidellite these samples are less active in the dissociative desorption
of 2-propanamine, as can be seen from the total amount of propene and ammonia desorbed
(cf. table 4.8 and 4.9).

Since the peak areas of desorbed ammonia are related to the

number of Brønsted sites present, it is worthwhile to compare those areas for pillared
montmorillonite and beidellite.

This suggests that Al13- and GaAl12- pillared

montmorillonite have approximately 80% fewer Brønsted sites than beidellite pillared with
the same polyoxocations. This difference is not as large for Ga3-pillared montmorillonite
and beidellite, which has about 20% fewer Brønsted sites. This latter point provides
evidence for the pillar contribution to the catalytic activity. The Gaj3 pillars clearly seem to
reduce the number of Brønsted sites for both PILCs (montmorillonite and beidellite), thus
altering the surface properties of the catalytic materials. The larger number of Brønsted
sites on pillared beidellite may be partially due to the larger surface areas but, as was
discussed previously, the location of the layer charge in the tetrahedral sub-layer (beidellite)
creates more acidic surfaces. In addition, the reaction of the pillars with Si-O-Al linkages
in the tetrahedral beidellite layer creates strong silanol groups.
The desorption peak for ammonia from the molybdenum oxide containing PILC
samples is very broad and forms aplateau with possibly three underlying peaks. This is
shown in Figure 4.32. The distribution of the MoO3 on the surface must be the reason for
this and apparently the ammonia does not desorb uniquely. Clearly the addition of MoO3
strongly affects the surface acidities.
In the desorption profile for almost all of the pillared montmorillonite samples
propanamine could be observed. This is indicative of adifferent adsorption/desorption
mechanism of propanamine from pillared montmorillonite in comparison to pillared
beidellite. The presence of propanamine as adecomposition product suggests that two
adsorbate molecules coordinate to one BrØnsted site to form the dipropylammonium ion.
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This is even more the case for the molybdenum containing samples which generally desorb
larger quantities of propanamine. Surprisingly, the 141/116 intensity ratios for the MoO3
containing pillared montmorillonites are generally smaller than for the other samples. They
would be expected to increase considering the mechanism involving the
dipropylanimonium ions (equation 7and 8).
TPC of Na -STx -1 in Helium
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Figure 4.30: Mass Spectral Analysis of Propanamine TPD from
Na-Montmorillonite (STx-1)
The presence of the metal oxides (NiO and/or MOOD on the pillared clay supports
increases the amounts of desorbed ammonia while the surface areas decrease. This is
indicative of the generation of Brønsted sites by the introduction of metal oxides.
The Ga13 pillared montmorillonite causes the

141/116

ratio to increase by 25% and

85% compared to GaAl12-montmorillonite and A113-montmorillonite, respectively. This is
further indication that the pillars and in particular the gallium play an important role in
reducing the Brønsted acidity. The GaAlI2 pillar does not affect the acidity as much as the
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Figure 4.31: Mass Spectral Analysis of Propanamine TPD from
(a) A113-Montmorillonite and (b) A113-Montmorillonite/NiO
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Figure 4.32: Mass Spectral Analysis of Propanamine TPD from
(a) A113-Montmorillonite/MoO3 and (b) A113-Montmorillonite/NiO - MoO3
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Ga13 pillar does. This is probably due to the fact that the gallium of the GaAll2 unit is in
tetrahedral coordination and therefore more protected by the surrounding aluminums of the
Keggin structure.

E.

Summary of TPD Results
In conclusion, it is evident that the presence of gallium as part of the clay

framework affects the acidity of the surface. This is noticeable in the unpillared samples;
the propene to ammonia intensity ratios were significantly higher for beidellite with
framework gallium. This was seen to be aresult of areduction of Brønsted sites upon
incorporation of gallium into the clay layers. The peak areas for desorbed ammonia, which
can serve as adirect measure for the

Brønsted

acidity, decreased substantially for the

gallium containing samples. It has been shown that this decrease is not solely caused by
the smaller surface areas of beidellite with framework gallium.
The desorption profile of gallium substituted beidellite showed ahigh temperature
peak

(3000

C region) for propanamine.

Unsubstituted beidellite did not desorb any

propanamine in this temperature region. The reduction of the number of acid sites upon
incorporation of gallium into the beidellite framework causes the adsorbent molecules to
compete for the smaller number of acid sites present which results in a different
adsorption/desorption mechanism of 2-propanamine involving the creation of
dipropylammonium ions and the desorption of propanamine and propene.

Hence,

Hofmann elimination is not the predominant mechanism for the desorption of propanamine
from gallium substituted beidellite samples.
The results reported here also suggest that the number of

BrØnsted

sites goes

through amaximum as the gallium content increases, as has been reported for zeo1ites 163 .
The peak areas for desorbed ammonia were found to be largest for intermediate gallium
loadings, viz. Mg-beidellite (Ga/Al=0.10).
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Isomorphous substitution of beidellite using chromium also reduces the number of
Brønsted sites although the differences, compared to unsubstituted beidellite, are not as
large as those seen for gallium substituted beidellite. Chromium substituted beidellite is not
as effective in altering the acidic properties of beidellite as indicated by the smaller increase
of the propene to ammonia ratio as compared to gallium substituted beidellite.

This

suggests that Hofmann elimination is still the predominant desorption mechanism.
It is clear that pillared beidellite has significantly more active acid sites than
unpillared beidellite. The larger pore sizes were shown to minimize re-adsorption of
ammonia as evidenced by very sharp desorption peaks (lower ratio of FWHH:H). Pillared
beidellite does not desorb propanamine in the 300° C region and has low

14016

ratios

which suggests that the Hofmann elimination is the predominant desorption mechanism.
A comparison of the

14016

ratios shows much similarity for pillared beidellite and

unpillared beidellite without isomorphous substitution.

The Ga13 pillar provides an

exception with higher 14016 ratios than Al13- and GaAll2-pillared beidellite which must be
associated with the gallium in the pillar. This suggests that gallium in the pillar as well as
in the clay layers affects the surface properties of the samples. However, upon pillaring,
the pillars have so much effect themselves that they will overshadow the effect of changes
in the composition of the clay layers. The effect of gallium in the beidellite layers after
pillaring is generally very small as can be seen for example by comparing A113-beidellite
and A113-beidellite (Ga/Al=0.15); these samples have very similar desorption temperatures
and peak areas.
It has been shown that pillaring of clay minerals plays an important role in
increasing their surface acidity. This is particularly the case for clay minerals having
octahedral layer charges as can be seen by comparing the TPD profiles of montmorillonite
and pillared montmorillonite.
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The TPD results show also that pillared beidellite, presumably because of its more
acidic surface, is more active in the dissociative desorption of 2-propanamine than pillared
montmorillonite is, as indicated by the total area of desorption products.
The pillar contribution to the acidity can be clearly seen when comparing the Ga13
pillars to the Al13 and GaAl12 pillars. The Ga13 pillars reduce the number of BrØnsted sites
for both PILCs (pillared montmorillonite and beidellite).
The presence of metal oxides, such as NiO and/or MoO3, was found to increase the
number of active Brønsted sites on the catalyst surfaces, as evidenced by larger quantities
of desorbed ammonia.

4.4.2 FTIR Analysis of Pyridine Adsorbed on Surface Acid Sites
4.4.2.1

Introduction
The investigation of the surface acidity of cracking catalysts can be performed also

by the adsorption of basic probe molecules, such as pyridine, on surface sites followed by
an FTIR analysis. The infrared spectrum of pyridine can be used for the identification of
the adsorption sites 166 '
167 .Table 4.10 lists the main adsorption bands of coordinativly
bonded pyridine (Lewis centres) and of the pyridinium ion

(Brønsted

centres). Therefore,

an investigation of the infrared spectrum from 1400-1700 cm-1 can give further insight into
the nature of the surface acid sites present. It is apparent from Table 4.10 that the band
near 1447-1460 cm-1 (mode 19b) is best suited for the analysis of Lewis acid sites and the
band near 1545 cm-1 (mode 19b) is best suited for the analysis of Brønsted centres since
there is no overlap between both types of acid sites. For example, the bands near 14851500 cm -1 (mode 19a) and near 1600-1633 cm -1 (modes 8a and 8b) are coincident for the
adsorption of pyridine to Lewis sites and Brønsted sites.
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Table 4.10: Infrared Band Positions of Adsorbed Pyridine 166 '
167
mode

8a [cm-1]

8b[
cm-1]

19 a [cm-1]

19 b [cm-1]

Py

1580

1572

1482

1439

HPy

1614

1580-1600

1485-1490

1440-1447

LPy

1600-1633 = 1580

1488-1503

1447-1460

BPy

= 1640

1485-1500

1545

1620

Py:

pyridine

LPy:

pyridine bonded to Lewis acid sites

HPy:

physisorbed pyridine

BPy:

pyridine bonded to Brønsted acid sites

FTIR studies of this type were performed for the comparison of the surface acidities
of Al13-, Ga13-, and GaAll2-pillared montmorillonite59 '
165 .GaA1l2-montmorillonite was
found to have the strongest Lewis acid sites followed by A113-montmorillonite and Ga13montmorillonite. The
montmorillonite

>

Brønsted

acidity followed the order: GaAl12-montmorillonite

> Ala-

Ga13-montmorillonite. The work reported in this thesis examines the

effect on the surface acidity upon addition of NiO and/or MoO3 to montmorillonite pillared
with Al13, Ga13, and GaAl12-polyoxocations.

4.4.2.2. Results for FTIR Analysis of Surface Acidity by Pyridine
Adsorption
Figures 4.33-4.35 show the infrared spectra of pyridine adsorbed on the various
pillared montmorillonites as supports for NiO (3 wt %) and/or MoO3 (
15 wt %). The
spectra displayed in the overlay are not on the same scale. However, Table 4.11 compares
the absorbance per gram of sample for the Lewis and Brønsted acid sites.
A comparison of the infrared absorbances per gram of sample reveals that the Lewis
and Brønsted acidities of the pillared montmorillonite samples follow the order GaAl12-
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>

A113-montmorillonite

>

Gal 3-montmorillonite. This is in agreement

with the results reported by Bradley et al. 165 .
Adding NiO to A113-montmorillonite enhances the Lewis acidity and decreases the
Brønsted acidity. Conversely, the addition of MoO3 to A113-pillared montmorillonite
lowers its Lewis acidity and improves the Brønsted acidity. The combination of NiO and
MoO3 supported by A113-pillared montmorillonite produces acatalyst with improved
Brønsted acidity and reduced Lewis acidity, probably as aresult of the larger quantity of
MoO3 ( 15 wt%).
Adding NiO to GaAll2-montmorillonite reduces both the Lewis and the Brønsted
acidity. This is different from the Al 13 pillared sample where an increase in Lewis acidity
was noted. Nevertheless, the addition of M003 does not further decrease the Lewis acidity
but rather increases the

Brønsted

acidity. The addition of both oxides however, further

lowers the Lewis acidity and slightly increases the

Brønsted

acidity.

Gal 3-montmorillonite, having the lowest amount of Lewis and BrØnsted acid sites,
gains significantly in both acidities as aresult of the addition of NiO and/or MoO3.
In summary it becomes evident that the addition of NiO promotes Lewis acidity and
the addition of M003 enhances the number of Brønsted acid sites of the pillared clay
support as indicated by the increased infrared absorbances per gram of sample. The
observed increase in

Brønsted

acidity is in agreement with the results reported by Boorman

et al. 130 for an alumina supported cobalt-molybdenum catalyst.

The support itself

produced aweak pyridinium ion band at 1548 cm -1. They found that the impregnation
with MoO3 produced different Brønsted acid sites giving rise to astrong infrared band at a
slightly lower frequency, viz. 1543 cm-1.This effect of enhanced Brønsted acidity upon
impregnation with MoO3 can be noted also for pillared clay supports, see table 4.11. The
addition of MoO3 also causes the infrared band at 1545-1549 cm-1 for the various samples
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examined to shift to slightly lower wavenumbers. The Brønsted acidity manifests itself
now with astronger band at 1543 cm -1.

Table 4.11: Infrared Absorbance per Gram of Sample and Positions of the
Lewis and Brønsted Acid Bands
Lewis Site
Sample

Brønsted Site

Absorbance per

Band

Absorbance per

Band

gram of sample

Position

gram of sample

Position

[cnr 1]

[cm-1]

A113-STx-1

15.7

1446

3.3

1549

A113-STx-1/Ni

19.0

1445

2.4

1546

A113-STx-1/Mo

12.8

1448

3.9

1542

A113-STx- 1/Ni, Mo

14.6

1446

4.2

1543

Ga13-STx-1

14.0

1'l'll

2.8

1545

Ga13-STx-1fNi

23.4

1'll'l

4.2

1545

Ga13-STx-1/Mo

18.8

1448

3.3

1543

Ga13-STx-1fNi, Mo

19.5

1448

6.1

1543

GaAl12-STx-1

20.7

1448

3.7

1548

GaAli2-STx-1/Ni

20.0

1448

2.3

1545

GaA1i2-STx-1fMo

20.0

1448

4.6

1543

GaAlj2-STx-1/Ni, Mo

18.6

1448

3.8

1543
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Figure 4.33: FTIR Spectra of Adsorbed Pyridine on (a) A113-STx-1; (b)
A113-STx-1/Ni;

(
C)

A113-STx- 1/Mo; ( d) A113-STx-1/Ni-Mo
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Figure 4.34: FTIR Spectra of Adsorbed Pyridine on (a) Gai3-STx-1; (b)
Ga13-STx-1/Ni; (c) Ga13-STx-1/Mo; (d) Ga13-STx- 1/Ni-Mo
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Figure 4.35: FTIR Spectra of Adsorbed Pyridine on (a) GaAl12-STx-1; (b)
GaAI 12-STx-1/Ni; (c) GaAl 12-STx-1/Mo; (d) GaAli2-S Tx- 1/Ni-Mo

4.5

Concluding Remarks
This chapter discussed the physicochemical properties of the unpillared and pillared

clay mineral catalysts. Their surface areas, micropore size distributions, thermal stabilities,
and surface acidities were compared.
The determination of the microporosity revealed that all PILCs have abimodal pore
size distribution. The results presented here suggest that the observed peaks at ca. 0.8 urn
and 0.6 nm in the the pore size distribution graphs correspond to the lateral and the
interlayer distance, respectively.
The evaluation of the relative thermal stabilities showed that the most stable pillared
beidellite is formed upon intercalation of the GaAll2 polyoxocation, as was expected
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because of the high stability of the tridecamer in solution. The thermal stabilities of pillared
beidellite agree well with the thermal stabilities of pillared montmorillonite up to 500° C
(Ga13-beidellite < A113-beidellite < GaAll2-beidellite). Above 500° C the relative thermal
stabilities have changed as follows: A113-beidellite

< Ga13-beidellite

< GaAl12-beidellite.

The comparison of the surface acidities of the prepared catalysts revealed that the
clay layers and the pillars are both of importance in determining these acidities. For
example, gallium was found to reduce the number of BrØnsted sites through its presence in
the pillars and in the clay layers while in the pillared clays it is the pillar that is important for
the surface properties. Beidellite and its pillared analogues were found to have more acidic
surfaces than montmorillonite and its pillared analogues, as was expected because of the
tetrahedral layer charge in beidellite.
The evaluation of the physicochemical properties of the prepared catalysts was of
importance to test their applicability for catalytic processes. Therefore, the next step will be
the characterization of the catalytic activity of these samples through model compound
studies, viz, the catalytic cumene reaction and thiophene HDS.
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Chapter 5
CATALYTIC WORK

5.1 Model Compound Studies
5.1.1 Catalytic Cumene Reaction
Chapter 1of this dissertation already referred to the potential of pillared clays as
excellent cracking catalysts.

The cracking of heavy oils is of great interest for the

petroleum industry with continuously increasing demands for gasoline and Light Cycle Gas
Oil (LCGO). Pillared and delaminated clays show aconsiderably higher LCGO selectivity
than zeolite-based cracking catalysts 66 '
67 .Their large pore openings probably make the
cracking of high molecular weight hydrocarbons in the slurry oil range possible whibh
allows bulky hydrocarbon molecules to reach the active surface sites. Pillared clays are
also excellent catalysts for the production of gasoline with higher octane numbers23 .
In order to test the catalytic activity of newly prepared catalysts model compound
studies can be performed. The reactivity of cumene, for example, has been widely used to
examine catalyst surface active

sites130,131,133,1M,165,168,169.

Figure 5.1 shows the major

products formed in cumene reactions. The formation of benzene is aresult of cracking
reactions which occur on the acid sites of the catalyst surface and involve the formation of
carbonium ion intermediates; these carbonium ions rearrange via detachment of the ring
substituent and finally form benzene and an olefin. On the contrary, the formation of amethyistyrene is aresult of dehydrogenation reactions occurring on metal sites of the
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catalyst surface. Thus, an analysis of the major products in cumene reactions allows for a
classification of the catalysts examined with respect to their suitability as cracking or
dehydrogenation catalysts.

Figure 5.1: Scheme of Formation of Major Products in Cumene Cracking

5.1.2 Thiophene HDS
The upgrading of crude oils requires pretreatments in order to remove certain
elements that could poison the catalyst; hydroclesulfurization is such apretreatment method.
All crude fractions contain some sulfur, but the specific amounts depend on the source of
the crude oil. The catalytic HDS process involves the reaction of the sulfur containing
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compounds with hydrogen forming H2S and hydrocarbons. The H2S is often further
reacted with S02 to form elemental sulfur.
Mercaptan, sulfides, thiophanes, thiophenes, and dibenzothiophene are common
classes of sulfur compounds present in crude oils. Thiophenic compounds are the most
refractory of these sulfur compounds and hence are commonly chosen for model
compound studies. The usual products in thiophene HDS model compound studies, aside
from H2S, are butenes and butanes. The decomposition of thiophene can take place by
three different mechanisms 170 . The first mechanism involves the hydrogenation of
thiophene to form 2,3-dihydrothiophene intermediates. The second mechanism involves
direct hydrogenolysis of the carbon- sulfur bonds followed by the hydrogenation of the
formed butadiene. However, this is difficult to observe and only at low hydrogen partial
pressures was it possible to detect butadiene25 '
171 . Another possible'pathway is the
desulfurization without hydrogen through n-hydrogen elimination to produce diacetylene
and its subsequent hydrogenation.
The determination of the active sites in HDS processes is not easy. Numerous
reviews can be found in the literature pertaining to HDS model studies, the structure and
the function of the catalyst, and the pr0moter 170'
172173 .Figure 5.2 depicts the surface and
the catalytically active species of an HDS catalyst. Typically, these catalysts consist of a
support material, such as alumina, atransition metal catalyst, such as Mo or W, and a
transition metal promoter, such as Co or Ni.

The transition metals are commonly

introduced to the support material in their oxide forms. These oxide precursors need to be
sulfided before the catalytic removal of sulfur can take place, as the catalytically active form
of molybdenum for this process is MoS2. MoS2 crystallites have alayer lattice and grow
in the form of platelets which can be either basal or edge bonded to the surface of the
support material. It is assumed that the HDS active sites on these platelets occur at the
edges and corners 173 .Transition metal promoters, such as nickel or cobalt, can occur in
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three forms on the support surface, as Co9S8 crystallites (no or very little catalytic activity),
as cobalt or nickel ion adsorbed onto the surface of the MoS2 crystallites forming the so
called Co-Mo-S or Ni-Mo-S phases (increased catalytic activity), and in tetrahedral sites of
the support lattice.

Figure 5.2: Depiction of the Surface of a Common HDS catalyst

5.2

Results and Discussion

5.2.1 Catalytic Cumene Reaction
5.2.1.1 Comparison between Montmoriflonite and BeideUite
This section compares the results obtained for the unpillared clay minerals in
cumene cracking. Table 5.1 shows the conversion rates of cumene as well as the benzene
and the a-methylstyrene selectivity of the two different smectite clays after 20 minutes and
4 hours on stream. Significant differences were noted. Na-Montmorillonite and Mgmontmorillonite show only little conversion of cumene after 4 hours (
4.5% and 8.8%
respectively). In the case of Na-montmorillonite only dehydrogenation was observed as no
benzene was detected. For Mg-montmorillonite the total conversion is increased as it also
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shows some cracking activity to benzene in addition to dehydrogenation. Mg-beidellite
shows atremendous increase in the catalytic activity in comparison to the montmorillonite
mineral, as was expected from the TPD results (see Tables 4.8 and 4.9). After 4hours on
stream the cumene conversion over beidellite (30%) is still approximately 3.5 times higher
than that over montmorillonite (8.8%), cf. Figure 5.3. The much higher conversion rate
observed with beidellite is aresult of an increased benzene production on this clay mineral.
Table 5.1:

Cumene Conversion, Product Selectivity and Deactivation of
Montmorillonite and Beidellite Smectite Clays

Sample

Mg- STx- 1
Na-STx-1
Mg-Beidellite

% conversion
20 min

4hrs

10.8
6.2
43.5

8.8
4.5
30

Deactivation a)
%

% Benzene
Selectivity
2O min l 4hrs
35.8
0.0
88.1

19
27
31

44.3
0.0
86.0

%(L-

methylstyrene
selectivity
2o min l 4hrs
64.2
100.0
11.9

55.7
100.0
14.0

a) "Deactivation" is defined in section 2.3.1

Table 5.2:

Surface Areas of Montmorillonite and Beidellite
Catalyst
Surface Area [m2/g]
before Cumene reaction I after Cumene reaction

Na-STx-1
Mg-STx-1
Mg-Beidellite

96
78
43

79
86
45

After 4hrs on stream only 4% benzene was formed over Mg-montmorillonite whereas Mgbeidellite produced 25.9% benzene. Table 5.2 summarizes the surface areas measured
before and after cumene cracking; no significant changes in surface areas were noted after
the reaction, however, the surface area of Mg-beidellite is about 50% smaller than that
measured for Mg-montmorillonite. This strongly suggests aremarkable contribution to the
catalytic activity by the clay mineral itself.

As was discussed in chapter 1of this

chapter 5

167

dissertation, the layer charge in montmorillonite is aresult of substitutions taking place in
the octahedral sub-layer whereas beidellite has negative layer charges due to tetrahedral
substitutions creating most acidic surfaces. Hence, beidellite is an intrinsically good
cracking catalyst as indicated by the very high benzene yield as in comparison to
montmorillonite (see Figure 5.3). Davidtz found that the surface acidity of the clay mineral
is directly related to the concentration of tetrahedrally coordinated Al 3 in 2:1 layered
smectites 174 .No correlation or only poor correlation was found between the acid activity
and the amount of octahedrally coordinated aluminum. This is in good agreement with the
catalytic cracking results observed for the two smectite minerals.

Beidellite, having

considerable amounts of tetrahedrally coordinated aluminum, exhibited astrong acid
activity as indicated by much higher benzene yields.
Table 5.1 also compares the benzene versus the a-methylstyrene selectivity of the
two clay minerals. Clearly, beidellite is an excellent cracking catalyst with abenzene
selectivity of 86% even after 4hours on stream. The formation of (X-methylstyrene is only
aminor reaction on this surface with 12 to 14% selectivity. Montmorillonite does not have
such an acidic surface and its benzene selectivity is only approximately 40%. Significant
amounts of cz-methylstyrene are produced on this surface with a selectivity of
approximately 60%.
Although beidellite has high cumene conversion rates it still deactivates by 31%.
Therefore, in order to use the intrinsic cracking capabilities of beidellite this deactivation
has to be minimized. Montmorillonite also shows considerable deactivation ( 19%); even
though this deactivation expressed in percent seems less than that for beidellite, the very
acidic beidellite surface still produces more benzene than montmorillonite.
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Figure 5.3: Cumene Conversion and Product Yield as a Function of Time
for Unpillared Montmorillonite and Beidellite

5.2.1.2 ComDarison between Pillared Montmorillonite and Beidellit
Table 5.3 summarizes the cumene cracking results for pillared beidellite and
montmorillonite and Table 5.4 shows the corresponding surface areas of the samples
examined. Pillaring has resulted in an increase in surface areas, particularly for beidellite,
and this has produced an increase in catalytic activity. This is in agreement with the results
obtained from TPD; the presence of the pillars for both montmorillonite and beidellite was
found to increase the number of Brønsted sites tremendously (see Tables 4.8 and 4.9).
The total cumene conversion of pillared montmorillonite increased in the same order
as the surface areas increased, i.e. Ga13-montmorillonite showed the highest conversion
rate followed by GaAl 12-montmorillonite and then A113-montmorillonite.

However,

differences in the product distribution were noted. A113-montmorillonite has ahigher
cracking activity than Ga13- and GaAll2-montmorillonite. Its benzene selectivity is
approximately 82% and only small amounts of a-methylstyrene form over this catalyst.
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Cumene Conversion, Product Selectivity and Deactivation of
Pillared Montmorillonite and Beidellite

Sample

% conversion

Deactivation
%

% Benzene
Selectivity
20 min 1 4hrs

methljrene
selectivity
20 min 1 4hrs

20 min

4hrs

A113-STx-1
Ga13-STx-1
GaAll2-STx-1

29
37.8
35.9

25.5
30.7
28.7

12
19
20

81.8
65.9
61.8

81.9
62.5
58.8

18.2
34.1
38.2

18.1
37.5
41.2

A113-Beidellite
Ga13-Beidellite
GaAl12-Beidellite

41.2
28.9
54.5

40.8
17.1
51.7

1
41
5

88.6
74.6
89.7

91.2
24.5
89.4

11.4
25.4
10.3

8.8
75.5
10.6

Table 5.4:
Surface Areas of Pillared Montmorillonite and Beidellite
Catalyst
Wt % carbon
Surface Area [m2/g]
after CC
before Cumene reaction I after Cumene reaction
A113-STx-1
Ga1
3-STx-1
GaAl12-STx-1

126
219
196

100
186
164

0.25
0.60
0.38

A113-Beidellite
Ga13-Beidellite
GaAl12-Beidellite

251
189
327

250
39
272

0.24
2.74
1.42

The presence of the Ga13 and the GaAll2 pillars changes this product distribution. These
two pillars have areduced cracking selectivity but ahigher dehydrogenation selectivity, cf.
Table 5.3. For example, A113-montmorillonite produces about 4times as much benzene as
does a-methylstyrene after 4 hours on stream, whereas Ga13- and GaAll2 produce only
1.5 times more benzene than cz-methylstyrene.

The higher dehydrogenation activity

observed for Ga13- and GaAl12-montmorillonite is indicative of the pillar contribution to
the catalytic activity. The variation in pillaring species can direct the catalytic reaction in a
certain way, i.e. towards cracking or dehydrogenation. Comparing the cumene cracking

chapters

170

Figure 5.4: Cumene Conversion and Product Yield as a Function of Time
for Pillared Montmorillonite and Beidellite
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results obtained for pillared montmorillonite with those for unpillared montmorillonite it is
apparent that the presence of the pillars is an important factor in achieving significant
catalytic activity.
The pillaring of beidellite increases the conversion of cumene and the production of
benzene to an even higher extent. The previous section of this chapter discussed the
intrinsic high acidity of the beidellite support due to the presence of tetrahedrally
coordinated aluminum. Even unpillared beidellite showed higher cumene conversions than
pillared montmorillonite after 4hours on stream. GaA112-beidellite was found to have the
highest cumene conversion rate (
51.7%), followed by A113-beidellite (40.8%) and Gaj3beidellite ( 17.1%). Unpillared beidellite still had problems with deactivation but this was
significantly improved for pillared beidellite. A113-beidellite deactivates by only 1% after 4
hours on stream and GaAl12-beidellite deactivates by 5% (
Table 5.3). However, Ga13beidellite deactivated to alarge extent (41%). While A113- and the GaAl1-pillared beidellite
had avery high selectivity for benzene, 91.2% and 89.4% respectively, it was found that
Gai3-beidellite had amuch reduced selectivity for benzene (
24.5% after 4hrs on stream).
Initially the amount of benzene produced over Ga13-beidellite was also higher (74.6%
selectivity) but as the reaction progressed the amount of benzene decreased while increasing
amounts of cx-methylstyrene were produced, see also Figure 5.4. After 4hours on stream
approximately three times as much a-methylstyrene was formed over Ga13-beidellite as
over Al13- and GaAll2-beidellite. Comparing the surface area of this catalyst before and
after cumene reaction (Table 5.4) it appears that either the Ga13-pillars must have collapsed,
allowing dehydrogenation to take place on gallium metal sites, or the pores have been filled
with carbon. Such carbon deposits may be the reason for the increase in dehydrogenation
activity. This theory of increased dehydrogenation due to deposited carbon is supported by
the fact that Gal 3-beidellite has ca. 11 times more coke deposited than A113-beidellite (Table
5.4).

Lewis observed previously that coked alumina supports were more active in
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cz-methylstyrene production than alumina which implied that the coke is an active phase in
this reaction 134 .
Table 5.4 also shows the results of the carbon analysis after the catalysts were used
in the cumene studies. GaAl12-beidellite has notably more carbon deposits after the
catalytic reaction than A113-beidellite. Although deactivation increases from 1% (A113 beidellite) to 5% for the GaAl12-beidellite it is surprising that both pillared beidellites
maintain such ahigh catalytic activity. Usually an increase in acidity causes more coke
formation 130 .In comparison to pillared montmorillonite deactivation is aminor problem
for pillared beidellite samples. The source of the acidity in pillared montmorillonite and
beidellite is different. In pillared montmorillonite the acidity is mainly due to H3O

and

upon dehydration the protons migrate into the octahedral layer and thus no longer
contribute to the active acid sites. Pillared beidellite, however, has acid sites as aresult of
SiOH groups formed upon proton attack of Si-O-Al linkages in the tetrahedral sub-layer of
the clay mineral 64'
144 . This could explain why pillared beidellite maintains such ahigh
catalytic cracking activity whereas pillared montmorillonite shows considerable deactivation
(12-20%). Also, pillared beidellite has higher surface areas and micropore volumes than
pillared montmorillonite, see Table 5.4 and chapter 4.
In summary, it was found that pillared beidellite is more active in cumene
conversion than pillared montmorillonite, in agreement with previous studies of cumene
reactivity over A113-pillared montmorillonite and beidellite samples 64 '
87 . For
montmorillonite pillaring is an important step in achieving higher catalytic activity; this is
not so much the case for beidellite.

Even the unpillared beidellite mineral showed

considerable cumene conversion rates but it deactivated by 19% after 4hon stream. The
deactivation problem was significantly reduced for pillared beidellites, i.e. A113-beidellite
and GaAl12-beidellite deactivated by only 1% and 5%, respectively, after 4hon stream.
Also, the pillar contribution towards product selectivity is less important in pillared
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beidellite than in pillared montmorillonite, as can be seen from the product distribution of
the GaAl12-pillared montmorillonite and beidellite samples. GaAl12-montmorillonite was
found to have an enhanced selectivity for dehydrogenation. After 4hours on stream the
benzene selectivity was approximately 60% and the a-methylstyrene selectivity about 40%.
This was different for GaAl12-beidellite. Its cracking capability was still about the same as
for the Ali3 pillars. Even after 4 hours on stream the selectivity for benzene was still
approximately 90% and only 10% a-methylstyrene selectivity was observed.

This

suggests that in the case of pillared beidellite the pillar contribution to the catalytic activity is
not as important as in pillared montmorillonite. Presumably this is because the pillaring of
beidellite makes the intrinsic highly acidic beidellite surface readily available for catalytic
cracking by creating large surface areas and microporosity.

5,2.1,3 Pillard Monlm9riflonite as Support for Ni/Mo/Ni-Mo Promoted
Catalysts
Hydroprocessing catalysts are usually composed of three components, the
support, the active species, and primary (cobalt, nickel) or secondary promoters (fluoride,
phosphorus). They are generally bifunctional catalysts where the acid sites for cracking
reactions

are

provided

by

the

support

and

the

metal

sites

for

hydrogenation/dehydrogenation reactions are provided by Ni-Mo, Co-Mo, Co-Pt, or Pd,
respectively. The hydrogenation capability of the catalyst is provided by the group VI A
metals (Mo or W), and the HDS capabilities of the catalyst can be enhanced by small
amounts of group VIII A metals, such as Co or Ni.

It has been shown that

Ni-MO/A1203 133 -135 and CO-MO/A1203 130 are good catalysts for hydrocracking and HDS
reactions.

Pillared clays have the potential to fulfill the requirements of an efficient

hydroprocessing catalyst support, as they can supply the cracking capability. As described
in chapter 2, pillared montmorillonite samples were loaded with 3wt% NiO and/or 15 wt%
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MoO3 using the method of incipient wetness; their activity in cumene cracking is discussed
in this section. Some examples can be found in the literature where PILC supported Ni-Mo
catalysts were mixed with zeolite to test their performance as hydroprocessing catalysts for
the upgrading of heavy oil 175 and vacuum gas oil feedstocks3'
176 .However, they found
that these catalysts deactivated rapidly because of coke formation and subsequent pore
blockage.
Table 5.5:

Cumene Conversion, Product Selectivity and Deactivation of
Pillared Montmorillonite and Pillared Montmorillonite
Supported Ni, Mo, and Ni-Mo Catalysts

Sample

% conversion
20 min

4hrs

A113-STx-1
A113-STx-1/Ni
A113-STx-1/Mo
A113-STx-1/Ni-Mo

29
24.9
15.6
24.4

25.5
15.5
11.6
10.6

Ga13-STx-1
Gai3-STx-1/Ni
Gai3-STx-1fMo
Ga13-STx-1fNi-Mo

37.8
37.7
31.8
38

GaAll2-STx-1
GaAli2-STx-1fNi
GaAl12-STx-1/Mo
GaAll2-STx-1fNi-Mo

35.9
30.4
19.1
31.8

Deactivation
%

% Benzene
Selectivity

metl1yrene
selectivity
20 min
4Firs

20 min

4hrs

12
38
26
57

81.8
71.6
42.1
27.2

81.9
59.0
14.3
9.5

18.2
28.4
57.9
72.8

18.1
41.0
85.7
90.5

30.7
24.4
18
19

19
35
43
50

65.9
69.9
44.5
40.0

62.5
48.5
15.2
16.9

34.1
30.1
55.5
60.0

37.5
51.5
84.8
83.1

28.7
18
11.3
15.1

20
41
41
53

61.8
63.2
43.6
27.1

58.8
42.6
18.6
9.5

38.2
36.8
56.4
72.9

41.2
57.4
81.4
90.5

Figure 5.5 and Table 5.5 summarize the results obtained for PILC supported Ni,
Mo, and Ni-Mo catalysts in cumene cracking reactions. After 20 minutes on stream the
PILC supported Ni, Mo, and Ni-Mo catalysts have similar cumene conversions to those
observed for the PILCs (see also section 5.2.1.2.), except for the samples containing only
molybdenum which already have considerably lower conversion rates. After 4hours on
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Figure 5.5: Cumene Conversion and Product Yield as a Function of Time
for Montmorillonite Supported Ni, Mo, and Ni-Mo Catalysts
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stream the cumene conversion rates also decrease significantly for all the other catalysts
tested. The results show that the overall cumene conversion has dropped for the PILC
supported Ni, Mo, and Ni-Mo catalysts by 10-15% as in comparison to the PILCs
themselves. A number of observations indicate that this decrease in activity must be caused
by the formation of coke and subsequent pore blockage.

The Ni, Mo, and Ni-Mo

containing catalysts generally show much higher deactivation (approximately 15-30%).
The deactivation is particularly conspicuous for PILCs having both NiO and MoO3
additives. Table 5.6 lists the measured surface areas as well as the weight percentages of
carbon found on these samples after the catalytic reaction took place. A comparison of the
surface areas before and after cumene cracking clearly shows that the surface areas of the
PILC supported Ni, Mo, and Ni-Mo catalysts decrease to alarger extent than those of the
pillared montmorillonite samples alone. The carbon analyses of the used catalysts also
unveiled ahigher tendency towards coke formation for the NiO and/or MoO3 containing
catalysts which generally had larger amounts of carbon deposits.

Table 5.6:

Surface Areas of Pillared Montmorillonite and Pillared

Montmorillonite Supported Ni, Mo, and Ni-Mo Catalysts
wt % carbon
Catalyst
Surface area [m2/g]
before Cumene reaction
after Cumene reaction
after CC
A113-STx-1
A113-STx-1/Ni
A113-STx-1/Mo
A113-STx-1/Ni,Mo

126
121
68
77

100
45
36
28

0.25
0.45
0.56
0.59

Ga13-STx-1
Ga13-STx-1/Ni
Ga13-STx-1/Mo
Ga13-STx-1/Ni,Mo

219
185
100
147

186
71
44
52

0.60
1.19
1.11
1.84

GaAl12-STx-1
GaAl12-STx-1/Ni
GaAl12-STx-1/Mo
GaAll2-STx-1/Ni,Mo

196
148
62
94

164
69
38
33

0.38
0.86
0.34
1.19
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The presence of nickel or molybdenum separately on the pillared
montmorillonites did not affect the production of a-methylstyrene, but lowered the benzene
yields. However, the combination of nickel and molybdenum not only decreased the
amount of benzene formed but also substantially increased the amount of a-methylstyrene
formed over these catalysts.

After 4 hours on stream the benzene production almost

ceased, probably as aresult of coke blocking the pores; thus the acid sites on the pillared
clay support are no longer available to induce further cracking. However, the catalysts still
have dehydrogenation activity which presumably is occurring on metal sites which are not
completely blocked by carbon deposits. Looking at the selectivities for benzene and amethylstyrene production it appears that after 4 hours on stream there is avery high
selectivity for a-methylstyrene (ca. 90%); this is primarily because of smaller amounts of
benzene in the product stream (acid site deactivation) and thus the relative percentage of amethyistyrene increases. This is different from results reported for coked alumina supports
where the coked catalyst was more active in a-methylstyrene formation suggesting that the
carbon deposits participate actively in this reaction 1 '.

5.2.1.4 Effect of Isomorphous Substitution on Beidellite and Pillared
l3eidellite
Figure 5.6 shows the results obtained with selected samples for the catalytic
cumene conversion as afunction of time. Tables 5.7 and 5.8 provide complete data for all
the catalysts tested.

The incorporation of non-exchangeable gallium into unpillared

beidellite clearly reduces the total cumene conversion by about 10% after 4hours on stream
(compare Tables 5.1 and 5.7). It appears that this is mainly due to asuppression of the
cracking capability of beidellite upon incorporation of gallium. Beidellite and beidellite
with non-exchangeable gallium both produce about 4-5% a-methylstyrene after 4hours on
stream. However, the amounts of benzene produced are different; after 4hours on stream
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the benzene yields are

ca.

6-16% less than for unsubstituted beidellite. These differences

are more apparent at the beginning of the catalytic cracking reaction since the gallium
substituted samples do not deactivate as much as unsubstituted beidellite (Table 5.1 and
5.7) does.

After 20 minutes on stream the difference in the benzene yield between

unsubstituted beidellite and beidellite with non-exchangeable gallium is as much as 1627%. Thus on average the presence of gallium within the beidellite framework reduces the
benzene selectivity by ca. 10%. The reduced yield of benzene for the gallium substituted
samples suggests that the presence of gallium even within the octahedral sub-layer must
influence the surface acidity of these samples to acertain degree. The results obtained from
TPD also revealed that the presence of framework gallium reduces the number of active
BrØnsted sites on the catalyst surface and hence alower benzene production was expected.

Table 5.7:

Cumene Conversion, Product Selectivity and Deactivation of
Beidellite and Pillared Beidellite with Isomorphous
Substitution

Sample

% conversion

Deactivation
%

% Benzene
Selectivity

meti1yrene
selectivity
20 min 4hrs

20 min

4hrs

25
18
22

77.1
67.1
77.2

75.4
69.1
77.7

22.9
32.9
22.8

24.6
30.9
22.3

16
15.1
11.7

62
65
73

85.5
86.5
85.8

60.4
56.0
42.2

14.5
13.5
14.2

39.6
44.0
57.8

37.6

35.5

6

86.7

89.0

13.3

11.0

39

23.5

40

76.7

23.4

23.3

76.6

55.2

50.9

8

88.6

87.2

11.4

12.8

20 min

4hrs

Mg-Beid. (
GaIAl=0.05)
Mg-Beid. (Ga/Al=0.10)
Mg-Beid. (
Ga/Al=0.15)

23.6
17.1
29.4

17.8
14
23

Mg-Beid. (Cr/Al--0.05)
Mg-Beid. (Cr/Al--0.10)
Mg-Beid. (Cr/Al--0.15)

41.8
42.7
43.6

A113-Beid.
(Ga/Al=0. 15)
Ga13-Beid.
(Ga/Al=0. 15)
GaAl12-Beid.
(Ga/Al=0. 15)
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Figure 5.6 also shows an example of cumene conversion over a chromium

substituted beidellite clay mineral (bottom left). This graph is typical of the results obtained
for the various chromium substituted beidellite samples.

One characteristic of these

samples which is noted at once is the rapid deactivation of chromium containing beidellite.
After 4 hours on stream the samples deactivate by 62-73%.

After the reaction had

progressed for only 20 minutes the results were very comparable to those obtained for
unsubstituted beidellite. All the chromium containing beidellite samples showed cumene
conversion ratios of 42-44% with benzene yields ranging from 35-37%. The production of
a-methylstyrene remains the same throughout the reaction with yields of about 6%. This
suggests that isomorphous substitution of beidellite with chromium does not alter the
surface acidity as much as substitution with gallium does; this is in agreement with the
results obtained from TPD (
see section 4.4.1.2 B). However, the rapid deactivation of the
chromium containing beidellite samples makes them less interesting for further catalytic
studies. Table 5.8 also provides the carbon analysis of these samples. Comparing the
amount of coke formed over gallium and chromium substituted beidellite it is apparent that
the chromium containing beidellite samples have approximately 50% more carbon than
analogous gallium samples.
Figure 5.6 (
right) also shows the cumene cracking results as afunction of time
for pillared beidellite with non-exchangeable gallium. The product selectivities as well as
the deactivation and conversion ratios are summarized in Table 5.7.

Section 5.2.1.3

discussed the cumene cracking results for pillared beidellite without isomorphous
substitution; the results obtained for these samples will be used as the primary means of
comparison for pillared beidellite with non-exchangeable gallium. The catalytic cracking of
cumene over pillared beidellite with framework gallium resulted in relatively high cumene
conversion rates. The specific surface areas of the P1LCs increased substantially through
the presence of the pillars and the overall cumene conversion followed the order of increase
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in surface areas: Ga13-beidellite < A113-beidellite < GaAI12-beidellite. Within experimental
error, the results obtained for pillared beidellite with and without isomorphous substitution
are comparable.

Pillared beidellite with framework gallium has substantially greater

cumene conversion than Mg-beidellite (Ga/Al=O.15); the increase in activity is mainly a
result of more benzene production. GaAl12-beidellite (Ga/Al=O.15) was found to have the
highest cumene conversion (51%) with aselectivity for benzene of about 88%, compared
to only 12% for a-methylstyrene. A113-beidellite (Ga/Al=0.15) converted 35.5% of the
cumene and had abenzene selectivity of ca. 89%. Gal 3-beidellite (Ga/Al=0.15) rapidly
deactivated (40%) during the reaction, probably because of acollapse of the Ga13 pillars.
The same phenomenon was found for Ga13-beidellite without isomorphous substitution.
Either the carbon deposits or the collapse of the pillar cause ashift in product distribution.
Initially the catalyst was found to be more selective for cracking (77% benzene selectivity,
23% a-methylstyrene selectivity) but as the reaction progressed dehydrogenation became
the dominant reaction (23% benzene selectivity, 77% a-methylstyrene selectivity). A113 beidellite (Ga/Al=0.15) and GaAl12-beidellite (
Ga/Al=0.15) are very good catalytic
cracking catalysts with very high benzene selectivities.

Only little deactivation was

observed for these catalysts, i.e. A113-beidellite (Ga/Al=0.15) and GaAl12-beidellite
(Ga/Al=0. 15) deactivated by 6% and 8% respectively. The deactivation is only slightly
more than was observed for the pillared samples without framework gallium. This is in
agreement with the observation of marginally lower overall cumene conversion rates, and
probably results from asuppression of benzene production brought about by changes in
surface acidity through framework gallium. Overall, however, it appears that the presence
of framework gallium in the clay layers is only of minor importance in influencing the
catalytic activity of the pillared clay mineral. The higher surface areas of the pillared clays
seem to be the major factor in keeping the active acid sites on the catalyst surface available
for further reaction. This can be seen from the much lower deactivation observed for the
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pillared beidellite samples as compared to those observed for unpillared beidellite with and
without non-exchangeable gallium.

Also, the amount of coke found on the gallium

containing beidellite samples was generally higher. However, this does not appear to
considerably lower the catalytic activity (Table 5.8).

Table 5.8:

Surface Areas of Beidellite and Pillared Beidellite with
Isomorhous Substitution
Catalyst
Surface Area [m2/g]
before
after
Cumene reaction
Cumene reaction

wt % carbon
after CC

Mg-Beidellite (Ga/Al=O.05)
Mg-Beidellite (Ga/Al=0.10)
Mg-Beidellite (Ga/A1=0.15)

32
28
30

35
29
33

0.13
0.30
0.21

Mg-Beidellite(Cr/Al=0.05)
Mg-Beidellite (Cr/Al--O. 10)
Mg-Beidellite(Cr/Al=0. 15)

46
34
30

44
31
22

0.23
0.46
0.31

Al 1
3-Beidellite (Ga/Al=0.15)
Ga13-Beidellite (
Ga/Al=0.15)
GaA112-Beidellite(Ga/Al=0.15)

240
230
264

229
66
203

0.58
3.58
1.88

The above results suggest that the presence of the pillars in beidellite with
framework gallium counteract the effect of the framework gallium by reinforcing the acidity
with formation of SiOH groups through the reaction of the pillars with Si-O-Al linkages of
the tetrahedral layer. This reaction cannot take place for Mg-beidellite (Ga/Al=0. 15) and
thus the presence of the pillars reduces the effect brought about by the layers. Therefore, it
can be concluded that the presence of gallium in the clay mineral layers affects their surface
properties, but in the pillared clays it is the pillar that is more important in determining the
surface properties.
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5.2.2 Thiophene HDS
The presence of the Ni -Mo phase is essential for effective HDS catalysts as was
proven by previous work 132 '
134 . Therefore, the support materials (PILCs) were all
impregnated by the method of incipient wetness with 3wt% NiO and 15 wt% M003, and
tested in the thiophene HDS reaction to see if the different cracking and dehydrogenation
character of the different clay minerals and pillars has any effect in HDS.
Selected samples of pillared montmorillonite, beidellite, and beidellite with
isomorphous substitution were used as supports for Ni-Mo catalysts in thiophene HDS
model compound studies. The results are summarized in Table 5.9 and Figure 5.7.

Table 5.9:

HDS Activity and Deactivation of Ni-Mo Catalysts Supported
on Pillared Montmorillonite and Beidellite
Thiophene Conversion [%]
Sample
4 hours
15 min

Deactivation {%]

Ni-Mo/All 3-Beidellite
Ni-Mo/A113-Beidellite (
GaJAI=0.15)

23.18
40.46
24.26

9.11
8.38
5.41

60.70
79.29
77.70

Ni-Mo/GaAl 12-Montmorillonite
Ni-Mo/GaAl12-Beidellite
Ni-Mo/Ga.All 2-Beidellite (Ga/Al=0. 15)

26.58
50.94
38.82

9.48
7.37
5.88

64.33
85.53
84.85

Ni-Mo/A113-Montmorillonite

The results presented in this thesis show that the support material substantially
affects the HDS activity. Pillared beidellite has initially amuch higher HDS activity than
pillared montmorillonite. This enhancement in activity can be aresult of the larger surface
area of the pillared beidellite support (see Table 5.4) which makes the hydroxyl groups on
the catalyst surface more easily accessible. The dispersion of the active molybdenum
species depends on the concentration of the hydroxyl groups on the catalyst surface.
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Figure 5.7: HDS Results as a Function of Time for Ni-Mo Catalysts
Supported on Pillared Montmorillonite and Beidellite

chapter

185

However, both pillared montmorillonite and beidellite show rapid deactivation, in fact
pillared beidellite deactivates to an even larger degree than does pillared montmorillonite.
This suggests that pillared beidellite actually does not have a higher concentration of
hydroxyl groups and the increased activity at the beginning of the HDS process is more or
less an effect of increased surface area.
The different pillars (Al13 and OaAl12) present in the clay minerals do not seem to
affect the HDS activity significantly, i.e. GaAl12-beidellite has initially ahigher HDS
activity than A113-beidellite but after 4 hours on stream no significant differences were
noted.
Isomorphously substituted pillared beidellite is significantly less active in HDS than
unsubstituted pillared beidellite. Obviously, this decrease in activity must be related to the
gallium present in the clay layers (support). A similar decrease in HDS activity has been
reported for mixed aluminum-gallium oxide supports with increasing amounts of gallia' 35 .
Temperature programmed reduction studies were carried out on those samples to gain
further insight pertaining to this decrease in activity. The presence of nickel on the catalyst
support increases the ease of the reduction of the MoO3 phase. However, the presence of
small amounts of gallia on alumina were found to inhibit this reduction step. It has been
suggested that gallium prevents Ni from forming the active Ni-Mo-S phase which imparts
enhanced HDS activity. In addition, the Ni may block the MoO3 species and thus cause a
decrease in HDS by preventing access to the active sites' 35 . The presence of gallium
seems to influence the dispersion of the HDS active MoS2 phase and previous studies
suggested that the dispersion of the MoS2 species depends on the concentration of surface
hydroxyl groups. The results found for pillared beidellite with and without isomorphous
substitution of aluminum for gallium seem to be in agreement with these findings.
Therefore, the presence of gallium as part of the framework structure of beidellite seems to
largely affect the surface properties of the support material for Ni-Mo HDS catalysts. It can
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be concluded, that the presence of framework gallium is not of advantage for lIDS support
materials. The presence of gallium in the pillar did not appear to have pronounced catalytic
effects, possibly because the tetrahedral gallium in the GaAl12 pillar is well protected by the
surrounding octahedrally-coordinated aluminums.

5.3

Concluding Remarks
A comparison of the unpillared clay minerals in the catalytic cumene reaction shows

atremendous increase in the catalytic cracking activity for Mg-beidellite as compared to
Mg-montmorillonite. This confirms that the proximity of the layer charge (beidellite has
tetrahedral layer charges) to the surface is important in imparting cracking activity. The
results obtained for cumene cracking for the pillared clays were even more interesting than
those obtained over the unpillared samples (see Figure 5.8). The PILCs not only increased
the catalytic activity but also minimized the deactivation. In particular the Al13- and the
GaAll2-pillared beidellites were remarkably resistant to deactivation for the duration of the
experiment. Beidellite and its pillared analogues had amuch higher selectivity for benzene
(ca. 90%) than analogous montmorillonite samples. Depending on the type of pillar,
montmorillonite can also produce significant amounts of a-methylstyrene as well as
benzene. The cumene reaction results obtained for isomorphously substituted beidellite
agree with the results obtained from TPD. The amount of benzene produced over gallium
containing beidellite was clearly reduced as aresult of the smaller number of Brønsted sites
on the surface of these samples. This reveals that the clay layers actively participate in the
catalytic reaction. However, in the case of the PILCs it is the pillar that is important in
determining the catalytic activity, i.e. the presence of the pillars is more significant than the
effect brought about by changes in the layers. In conclusion, it was found that beidellite
can serve as an excellent support for catalytic cracking catalysts.
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Although differences were noted in the HDS activities as a result of different
support materials it appears that pillared clays are not good support materials for HDS
catalysts because of rapid deactivation. Catalysts with pillared montmorillonite as support
material were found to deactivate by ca. 60% whereas catalysts with pillared beidellite
supports (with and without framework gallium) deactivate even more rapidly, namely by
ca.

80%.

Figure 5.8: Cumene Reaction over Beidellite and Montmorillonite
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Chapter 6
CONCLUDING REMARKS

6.1

Summary of Results
This thesis examined the synthesis of clay minerals and their use as starting

materials for the preparation of pillar interlayered clays. A comparison of the two endmembers of the dioctahedral smectite group, montmorillonite and beidellite, was carried out
to evaluate their physicochemical properties as well as their catalytic activities for cumene
conversion and thiophene HDS.
Chapter 3investigated the synthesis of beidellite and beidellite with isomorphous
substitution. The analysis of the prepared clay mineral showed that indeed adioctahedral
smectite clay mineral was formed. The Greene-Kelly test showed further that this clay
mineral had tetrahedral layer charges , i.e. the synthetic clay mineral is beidellite. After the
optimum conditions for the synthesis of beidellite were established, isomorphic
replacement of framework aluminum with gallium or chromium was attempted. For this
reason precursors were prepared where 5, 10, and 15% of the A13+ were replaced with
either Ga 3 or Cr3 . It has been shown that it is possible to replace the framework
aluminum with gallium or chromium. Experiments were conducted to find out more about
the place of the substitution.

71

Ga MAS NMR results provide clear evidence for

substitution within the octahedral sub-layer. However, the solid state NMR of quadrupolar
nuclei might not have given rise to asignal for tetrahedral gallium if the environment of this
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nucleus is not spherically symmetric. Nevertheless, the intensity ratio of the d002/d003
reflection in X-ray powder patterns increased and since this ratio is sensitive to the amount
and type of octahedral substitution strong evidence could be provided that the substitution
is really taking place in the octahedral sub-layer. The ICP results of the digested clay
samples show that chromium is less easily incorporated into the clay framework than
gallium.

This observation is probably related to the slightly larger ionic radius of

chromium (III) compared to that of gallium (III).

The Ga/Al ratios in the gallium-

substituted clays were found to be very close to the desired molar ratios of 0.05, 0. 10, and
0.15. The cation exchange capacity of synthetic beidellite was determined to be 98.5 meq /
100 gbeidellite. This was important because the clay minerals were to be used as starting
materials for the synthesis of PILCs. Three types of pillaring species were used for the
pillaring of both montmorillonite and beidellite: {A104A112(OH)24(H20)12]
[GaO4All2(OH)24(H20)12]

7

'

or "Al13",

or "GaAl12", and the [GaO4Gal2(OH)24(H20)12]

or

"Ga13" polyoxocations.
Chapter 4of this thesis took acloser look at the physicochemical properties of the
prepared PILCs.

One aspect of this characterization was the determination of the

microporosity since this will be of importance for the design and the application of new
catalysts. All PILCs exhibited abimodal pore size distribution.

The maximum pore

dimension was found to be at 0.8 nm and the smaller pore opening was 0.6 nm. The
micropore sizes obtained are in good agreement with both XRD results (interlayer spacing)
and calculated interpillar distances. The findings presented here suggest that the observed
peaks at ca. 0.8 nm and 0.6 nm in the pore size distribution graphs correspond to the lateral
and the interlayer distance, respectively.
The relative thermal stabilities of pillared beidellite were evaluated and it was
concluded that these PILCs have the necessary thermal stability needed for application in
catalytic processes. The most stable pillared beidellite is formed upon intercalation of the
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GaAl12 polyoxocation, as was expected because of the high stability of the tridecamer in
solution. The thermal stabilities of pillared beidellite agree well with the thermal stabilities
of pillared montmorillonite up to 500° C (Ga13-beidellite < A113-beidellite < GaAl12beidellite) but it was surprising that above this temperature differences were noted.
The thermal treatment of pillared beidellite induces areaction between the Al13
pillars and the tetrahedral sub-layer of the beidellite framework. These structural changes
were studied using

27 A1

MAS NMR of calcined and uncalcined Ali3- and Ga13-pillared

beidellite. The changes in the

27 A1

NMR spectrum were explained by Plee et al. as

resulting from atransformation of the pillar entailing the loss of OH groups, arotation of
the aluminum octahedra in the second octahedral layer, and most importantly, the loss of
tetrahedral aluminum in the pillar 1 .However, this group only looked at the structural
transformations upon thermal treatment of A113-pillared beidellite. The results reported in
this thesis also studied the structural changes upon calcination of Ga3-pillared beidellite.
Since the loss of NMR intensity for tetrahedral aluminum can be observed even with the
Ga13-beidellite with the same relative intensities as for A113-beidellite (despite the fact that
there is no tetrahedral aluminum in the pillar) it appears that the explanation provided by
Plee et al. may be incomplete. The loss of intensity must be at least partially due to the
reduction in symmetry of the aluminum in the tetrahedral clay layer, perhaps upon
inversion of the aluminum tetrahedron in the layer. This certainly is possible, as the
tetrahedral aluminum in beidellite does lie in the "exposed" sheet of the 2:1 clay layer,
adjacent to the interlayer spaces where the pillars are found.
Previous reports of pillared beidellite indicated that large basal spacings can only be
achieved by exchanging 30 meq A1 3 /g beidellite, and that 10 meq Al 3 /gdid not even
result in an increase in the basal spacing 145 '
153 .The results reported in this thesis do not
support these findings. Maximum basal spacings were observed at much lower loadings,
namely 5.5 meq Al 3 /g clay. The much larger amount of pillaring species needed by Plee
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et al. and Kioprogge et al. may be an indication of impurities still present in their beidellite
samples.
Temperature programmed desorption (TPD) was used to estimate and compare the
surface acidity of beidellite and montmorillonite clay mineral catalysts. In particular, it was
of interest to evaluate the effect of isomorphous substitution on the acid sites of synthetic
beidellite.
The results show clearly that the presence of gallium in the clay framework affects
the acidity of the surface, i.e. asignificant decrease in BrØnsted acidity was noted for these
samples. Since the number of acid sites was reduced because of the gallium, it apparently
caused the adsorbent molecules to compete for the smaller number of acid sites, resulting in
adifferent adsorption/desorption mechanism of 2-propanamine. This mechanism involves
the creation of dipropylammonium ions by "binary adsorption" and the desorption of both
propanamine and propene (cf. section 4.4.1.1); thus Hofmann elimination is not the
predominant mechanism for the TPD of propanamine from gallium substituted samples as it
was for unsubstituted beidellite.

The TPD results also indicated that the number of

Brønsted sites goes through amaximum as the gallium loading increases. The largest
number of acid sites was found for intermediate gallium loadings, viz. Mg-beidellite
(Ga/Al=O.1O). The chromium substituted samples were not as effective in altering the
surface acidities of beidellite; Hofmann elimination was still the predominant desorption
mechanism for these samples.
Pillaring clearly altered the number of active acid sites. It has been demonstrated
that the pillaring process plays an important role in increasing the surface acidities of clay
mineral catalysts. This is particularly true for clay minerals with octahedral layer charges,
such as montmorillonite. Nevertheless, the TPD results also show that pillared beidellite,
presumably because of its more acidic surface, is more active in the dissociative desorption
of 2-propanamine than pillared montmorillonite is.
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The findings in this thesis further showed that the pillars also contribute to the
surface acidity, as could be inferred from the comparison of Al13, Ga13, and GaAll2
pillared montmorillonite and beidellite samples. The Ga13 pillars reduced the number of
Brønsted sites for both PILCs. Therefore, gallium affects the surface properties of the
samples through its presence in the clay layers as well as in the pillars. However, the
findings reported here also illustrate that the pillars have so much effect themselves that
they will overshadow the effect of changes in the composition of the clay layers.
Temperature programmed desorption studies of montmorillonite supported NiO
and/or M003 catalysts showed that the introduction of metal oxides increases the number of
active

Brønsted

sites on the catalyst surface. This conclusion was also supported by the

results obtained from FTIR spectroscopy upon adsorption of pyridine.
Lastly, the catalytic properties of the prepared samples were evaluated by means of
model compound studies, viz. cumene reaction and thiophene HDS.
A comparison of the unpillared clay minerals in cumene reaction shows a
tremendous increase in the catalytic activity for Mg-beidellite in comparison to
montmorillonite.

Even after 4 hours on stream the cumene conversion of unpillared

beidellite is still approximately 3.5 times higher than that of montmorillonite. This strongly
suggests aremarkable contribution to the catalytic activity by the clay mineral itself.
Beidellite has the most acidic surfaces due to tetrahedral layer charges which makes it an
intrinsically good cracking catalyst as indicated by its high benzene selectivity (86%) in the
cumene reaction. Montmorillonite does not have such an acidic surface and hence also
produces significant amounts of cx-methylstyrene, with aselectivity of 60%. However,
even though beidellite gives rise to high cumene conversions it still deactivates notably.
The results obtained for cumene cracking over the pillared clays are even more
interesting than those obtained over the unpillared samples. For both montmorillonite and
beidellite, the presence of the pillars increased the surface areas, resulting in an increase in
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catalytic activity. The pillaring process was found to be an important step, as predicted by
the TPD studies, in achieving higher catalytic activity for montmorillonite. For beidellite
this was not found to be case; the unpillared samples were already very active, so the
increase upon pillaring was not as dramatic, even though pillared beidellite was more active
than pillared montmorillonite for this reaction. The unexpected observation was that,
unlike the unpillared beidellite, the Al13- and GaAl12-pillared beidellite samples were
remarkably resistant to deactivation during the reaction. Over the four hours duration of the
experiment, they deactivated by only 1% and 5%, respectively, while the unpillared
beidellite deactivated by 31%.

This effect could not be observed for pillared

montmorillonite which still deactivated considerably ( 12-20%). The pillar contribution to
the catalytic activity was more apparent in the pillared montmorillonite samples. Ga13- and
GaAll2-pillared montmorillonite exhibited higher dehydrogenation activity than A113 pillared montmorillonite did.

Al13- and GaAll2-pillared beidellite had a very high

selectivity for benzene (Ca. 90%). Nevertheless, the Gal3-pillared beidellite was quite
different from the other pillared beidellites. The surface area of this sample was greatly
reduced after the cumene reaction, which might be aresult of collapsed pillars or strong
coke formation. The coke particles would be expected to participate actively in the catalytic
reaction, producing a-methy1styrene 134 .
The addition of metal oxides (NiO and/or

MOOD

to pillared montmorillonite

samples reduced the overall cumene conversion by 10-15%. A number of observations
indicated that this decrease in activity must be caused by the formation of coke and
subsequent pore blockage.
The cumene reaction results for isomorphously substituted beidellite are in
agreement with the observations obtained from the temperature programmed desorption.
The presence of framework gallium suppresses the cracking capability of beidellite,
reflecting the reduction of the number of acid sites observed by temperature programmed
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desorption. This means that framework gallium even within the "hidden" octahedral sheet
must influence the surface acidity of these samples. The results obtained for chromium
substituted beidellite are rather disappointing. It was found that chromium does not alter
the surface acidity as much as substitution with gallium does.

However, the rapid

deactivation of the chromium containing samples makes them less interesting for further
catalytic studies.
The catalytic cracking of cumene over pillared beidellite with framework gallium
resulted in relatively high cumene conversion rates. The specific surface areas of the
PILCs increased substantially through the presence of the pillars and the overall cumene
conversion followed the order of increase in surface areas of these samples. Pillared
beidellite with and without isomorphous substitution has very comparable cumene
conversions and product selectivities. The results obtained for gallium substituted beidellite
samples showed that the gallium indeed affects the acidity of the layer but in the case of its
pillared analogues, it is the pillar which is important.
The HDS activities of the pillared clay supported Ni-Mo catalysts were not
promising. Although differences were noted for the support materials it appears that
pillared clays are not good support materials for HDS catalysts because of rapid
deactivation. Pillared montmorillonite supported catalysts were found to deactivate by

ca.

60% and pillared beidellite supported catalysts deactivated even more readily by ca. 80%.

6.2 Potential for Future Research
The

71 Ga

MAS NMR studies reported in this work provided definite proof for the

presence of octahedrally coordinated gallium in the synthesized beidellite. However, the
peaks obtained are broadened and it might be of interest to repeat this experiment using a
higher magnetic field. As the discussion in chapter 3of this thesis showed, the effects of
quadrupolar interaction can be reduced by applying higher field strength. This might
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provide more conclusive results as to whether any isomorphous substitution of beidellite
occurred in the tetrahedral sheet.
outcome of the

27 A1

Higher field strength probably would improve the

NMR experiments also. The 7T field available for this work did not

resolve the signal for tetrahedral aluminum due to the different environment of the
tetrahedral aluminum in the clay layer and the Al13 pillar.
The comparison of surface acidities in the work reported here was carried out using
the temperature programmed desorption of 2-propanamine from the various clay and
pillared clay samples. However, TPD only provides immediate information about the
number of BrØnsted sites and it was not possible with this experiment to distinguish
between

Brønsted

and Lewis acidity. Pyridine adsorption studies might provide more

detail with respect to differences in surface acidities of the samples examined.
The HDS results were rather disappointing since the pillared clay supported Ni-Mo
catalysts deactivated rapidly. However, one suggestion to improve the HDS activity for
these samples would be to prepare composite catalysts containing zeolites. It has been
reported by Occelli et al. that composite catalysts of this type do not show this rapid
deactivation3.
Future directions for further research in this area could include the synthesis of
montmorillonite, thus providing both end-members of the dioctahedral sub-group of
smectites with ahigh chemical purity. The possibilities to selectively vary the smectite
structure are manifold; as aresult, only afew of them could be covered with the scope of
this project. However, future research could commence from this point. Therefore, it
would be of interest to investigate how the degree of substitution affects the synthesis of
the clay mineral. For example, would it be possible to prepare abeidellite mineral where all
the aluminum has been replaced with gallium? One could argue that due to the size of the
ionic radius of gallium, which is 0.12

Alarger

than that of aluminum, it would not be
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possible to completely exchange all of the aluminum. In addition it would be less likely for
the gallium to enter tetrahedral positions and therefore it remains to be determined how such
a substitution would affect the composition of the synthetic clay mineral and its layer
charge. If the ionic radius of gallium prevents it from entering tetrahedral positions a
pyrophyllite-like mineral with azero layer charge would be formed.
This raises another interesting question as to how the catalytic activity is influenced
by the layer charge. A series of clay minerals of similar composition but varied layer
charges could be prepared. This would allow conclusions to be drawn with respect to the
influence of the layer charge on the catalytic activity. Differences in layer charges would
certainly influence the pillar density in the interlayer space and the microporosity. At the
other end of the spectrum it would also be of interest to maintain the same layer charge but
vary the cations used for isomorphous replacement within the clay layers. The nature of
the cations would be expected to alter the catalytic properties. Therefore, the hydrothermal
synthesis of clay minerals opens awide spectrum of future research in the area of catalysis
which in turn would further the understanding of the catalytic properties and processes
examined. This is afield of ongoing research activity. Some examples include the control
of the pillars by isomorphous substitution of Li into Na-montmorillonite which controls
the number of cations exchanged and hence the number of pillars 177 . Another example
which examines the isomorphous substitution of smectites is the hydrothermal synthesis of
gallium/germanium dioctahedral smectites as hydrocarbon conversion catalysts 105 .
Virtually nothing has been reported on how the substitution of tetravalent cations of
smectites, such as Ge4 for Si4

,

would affect the catalytic activity.

Pillared beidellite proved to be an extremely good cracking catalyst because of the
highly acidic surface.

This raises another interesting question as to whether the

introduction of sulfate ions to PILCs could produce super acid solids which would enhance
the hydrocarbon cracking activity of these materials. It has been shown previously by
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another group that the addition of SO4 2- in the pillaring solution or after pillaring strongly
increased the acidity of zirconium pillared clays 177 .
Another starting point for further research could be seen in the utilization of
different pillaring species for the preparation of PILCs. Chapter 4and 5demonstrated that
the pillars themselves will contribute to the catalytic activity also. Examples of typical
pillaring species were given in chapter 1of this dissertation some of which were titanium
and zirconium. However, large surface areas are also very important in imparting catalytic
activity. Therefore the preparation of large-pore PILCs might provide further potential for
research. Large-pore lanthanum/aluminum pillars have been reported recently affording
gallery heights of about 16A 178,179 ;these are about twice as large as the pillaring species
used in this work.
Lastly, clay minerals are known to catalyze avariety of different reactions. An
obvious choice for gallium containing samples would be the study of the transformation of
lower alkanes into aromatic hydrocarbons (cyclar process). The incorporation of gallium
into zeolite structures was found to direct this reaction towards aromatics whereas
conventional zeolites produced mainly paraffin5 180 '
181

.

It would be particularly

interesting to test the gallium containing samples for this reaction. The presence of gallium
in the clay layers of pillared beidellite did not affect the cracking activity of beidellite
because the effect of the pillars was greater than the effect of isomorphous substitution in
the clay layers. This might be different for the cyclar process.
In summary, the development of nanoporous layered materials is an active field
which provides catalysts for the preparation of avariety of chemical feedstocks. A great
deal of research remains to be done to fully explore the potential of pillar interlayered clay
mineral catalysts.
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