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Preface

—

The two-dimensional Montmorillonite clay structures can be made as
thermally stable three-dimensional solid by intercalating the clay with
inorganic polycations and that result in increase in the fraction of internal
surface area available for adsorption and eventually for catalytic processes. In
addition, pillaring provides acidity to the material. The pillared clays (PILCs)
are an interesting altemative to zeolites in catalytic processes and have

attracted considerable attention in basic research.

Friedel-Crafts alkylation of aromatics is an important reaction used in
the synthesis of fine chemicals and/or intermediates for the preparation of fine
chemicals in pharmaceutical and other chemical industries. The conventional
method adopts homogeneous catalysts that pose several environmental and
separation problems. Development of reusable solid acid catalysts having high
activity 1s, therefore, of great practical importance in this era of Green
Chemistry. Clays, due to the interlayer microenvironment are effective

heterogeneous shape selective catalysts for a wide variety of organic reactions.

Polymer nanocomposites are a class of hybrid materials composed of
an organic polymer matrix that is imbedded with inorganic particles which
have at least one dimension in the nanometer size range. At this scale, they can
strongly impact the macroscopic properties of the polymer. The small particle
size, layer structure, high aspect ratio and ease of ionic modification of clays

permit the formation of clay/polymer nanocomposites that are typical examples
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Preface

of nanotechnology. The subject of hybrids based on layered inorganic
compounds such as clays has been studied for a considerable time, but the area
is enjoying a resurgence of interest and activity as a result of the exceptional

properties which can be realized from such nanocomposites.

The present study deals with PILCs. Ti, Zr, Al and Cr single and mixed
pillared montmorillonites are prepared. A number of techniques have been
used to get valuable information on PILC structure, acidity, porosity, surface
area, etc. These PILCs are efficiently used as solid acid alternatives for
homogeneous Friedel-Crafts catalysts. The reactions selected are
isopropylation of benzene and toluene, ethylatton of benzene, toluene
methylation as well as Linear Alkyl Benzene synthesis. In-situ polymerization
of aniline is done inside the pillared clay matrix where the non-swellable PILC
confined matrix allowed efficient polymerization that leads to high polymer

order, crystallinity and nanofibrous morphology.

Here the thesis is structured into twelve chapters. The first three
chapters deals with the introduction, materials, methods and PILC
characterization. Fourth chapter explores the need of solid acid PILC catalysts
for Fnedel-Crafts alkylation reactions. Then the following five chapters
describe the reactions selected. Tenth chapter introduces polyaniline, its
nanocomposites, the materials used and the methods adopted for the composite
preparation and characterization. The resuits and discussion of the obtained
polyaniline/PILC nanofibers are displayed in the eleventh chapter. Last chapter

summarizes and concludes the present work with a brief future outlook.
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Chapter 1

CLAYS: INTRODUCTION AND
LITERATURE SURVEY

The natural abundance and eco-friendliness makes clays important in
this era of Green Chemistry. In addition to conventional industrial
applications the layered structure introduces clays into the field of
catalysis as well as nanotechnology. The process of pillaring props the
layers apart and converts clays to thermally stable structure. The
enhancement in layer distance allows shape selective catalysis and
polymer/clay nanocomposite formation within the matrix due to the
increased insertion of reactant molecule and monomers. The confined
matrix leads to well ordered polymer chain formation. In this chapter
introduction to clays and its applications in catalysis as well as
polymer/clay nanocomposites are described. The process of pillaring
with detailed description of the available pillaring agents and the

improvement in structural properties are also given.
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1.1 CLAY MINERALS

Clay minerals are the most important chemical weathering product of
the soil. They are formed by the alteraticn of existing minerals or by synthesis
from elements when minerals weather to their elemental form. In general the
term clay implies a natural, earthy, fine - grained material, which develops
plasticity when mixed with a limited amount of water (Grim, 1968). Clays and
clay minerals occur under a fairly limited range of geologic conditions. The
environments of formation include soil horizons, continental and marine
sediments, geothermal fields, volcanic deposits, and weathering rock
formations. Most clay minerals are formed when rocks come into contact with
water, air, or steam. Examples of these situations include weathering boulders
on a hill side, sediments on sea or lake bottoms, deeply buried sediments
containing pore water, and rocks in contact with water heated by magma
(molten rock). All of these environments may cause the formation of clay
minerals from preexisting minerals. Extensive alteration of rocks to clay
minerals can produce relatively pure clay deposits that are of economic

interest.

Clay minerals are distinguished from other colloidal materials by the
highly anisometric and often irregular particle shape, the broad particle size
distribution, the flexibility of the layers, the different types of charges
(permanent charges on the faces, P'- dependent charges at the edges), the
heterogeneity of the layer charges, the pronounced cation exchange capacity,

the disarticulation (in smectites) and the different modes of aggregation.
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Chemically clays are microcrystalline, hydrous aluminium
{occasionally Mg and/or Fe) silicates. Majority of these minerals have layer
structures and therefore are called phyllosilicates, but some have chain

structures and these are called inosilicates.

1.2 STRUCTURE OF CLAYS

The term clay generally refers to aluminosilicates where the particle
size i1s in the micron range and which exhibit cation exchange capacity. This
broad definition encompasses zeolites, but the term is normally used in
connection with sheet silicates only. The atomic structure of the clay mineral
consists of two types of structural units. These are the Si0O4 tetrahedron and
Al(OH)s gibbsite or Mg(OH), brucite octahedral unit, both of which form sheet

or layer structure (figure 1.2.1).

Tetrahedra! unit

Figure 1.2.1 Tetrahedral as well as octahedral structural units of clay minerals
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Tetrahedral layers consist of continuous sheets of silica tetrahedra
linked via three corners to form a hexagonal mesh and the fourth comer of
each tetrahedron (normal to the plane of the sheet) is shared with octahedral in
adjacent layers. Octahedral layers in clay mineral, on the other hand consist of
flat layers of edge — sharing octahedra, each formally containing cations at its

center (usually AI** or Mg®") and OH or O* at its apices' (figure 1.2.2).

Corngr charod tetrahsdra

Figure 1.2.2 Edge shared octahedra and corner shared tetrahedra forming clay

layers

The general structural scheme of clay minerals is generated by the
combination of sheets of tetrahedral and octahedral units (figure 1.2.3). The
apical oxygens of the tetrahedral layers replace 2/3 of the hydroxyls in one

plane of the octahedral layer. The remaining OH  ions in this layer are in the
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centers of the hexagons formed by the oxygens of the tetrahedral layer. The

different arrangement of tetrahedral and octahedral layers leads to different

classes of clay minerals.

z

3 o5yGaoryNa

21 + H20

& 7 tetrahedral
§ sheet

ib octahédial
@' shaet

© tetrahedrat
IQ J sheet

Figure 1.2.3 One of the possible combinations of tetrahedral and octahedral

layers

When trivalent aluminium is the dominant cation in the octahedral
layer, only 2/3 of the octahedral sites are occupied. Such a structure is
described as “dioctahedral” and there are two octahedral cations per unit cell.
When a divalent cation such as Mg”', is dominant in the octahedral layer, ail
the available sites are filled. In this type of structure there are three octahedral

cations per half unit cell and the structure is described as “trioctahedral”

(figure 1.2.4).
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-7 § (a)Trioctahdral

Figure 1.2.4 Octahedral sheets for the trioctahedral (a) and dioctahedral (b)
cases. Note that the existence of the vacant octahedral site (b) creates
distortions in the remaining octahedral sites and an enlargement of the

octahedral site, which is missing the cation

The different classes of clay minerals have a different arrangement of
tetrahedral and octahedral layers and are named as 1:1, 2:1, 2:1:1 etc.
Structural units of clays therefore consists of either

(a) Alternating tetrahedral or octahedral sheets (OT or 1:1
structure) e.g. Kaolinite group.

(b) A sandwich of one octahedral sheet between two tetrahedral
sheets (TOT or 2:1 structure) e.g. Smectite clays

{c) An arrangement in which the three layers TOT units

alternate with a brucite layer (2:1:1 structure) e.g. Chlorite.
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1.3 ISOMORPHOUS SUBSTITUTION IN LAYERS

Si** mainly occupies tetrahedral sites in clay minerals. However,
isomorphous substitution by A" is also common. In the case of trioctahedral,
Mg’' generally occupies octahedral sites. Isomorphous substitution by other
divalent cations such as Fe** or Ni*' or by univalent cations such as Li* is
common. In the case of dioctahedral clay minerals, octahedral sites are
predominantly occupied by AI’* and isomorphous substitution by other
trivalent cations like Fe’*, Cr’" or divalent cations like Mg’ or Fe** are

common.

As a result of isomorphous substitution, in some clay the valencies of
coordinated oxygens are no longer saturated and thus the layer acquires a net

negative charge.

Figure 1.3.1 Two dimensional tetrahedral sheet of composition (8205)2'

Cochin University Of Science And Technology 7



In order for electro neutrality to be maintained, cations come into the
interlamellar space. The current working definition of clay is a phyllosilicate
consisting of two - dimensional tetrahedral sheets fused to octahedral sheets
and, if necessary for charge neutrality, coordinated to charge balancing cations.
Phylosilicates are themselves defined as consisting of sheets of fused
tetrahedra of composition (SZOS)Z', (S = Si, Al, Fe etc)2 as shown in figure

13.1.

Most clays but by no means, all swell upon by the intake of water and
other, generally polar solvents such as ethanol or glycerol. Clays are one class
of a large number of distinct structural types, which are possible using the SiO4
tetrahedron as building block. The mineral kingdom contains many more

structures derived from SiO4 than any other unit.

1.4 COMPOSITION AND FABRIC OF CLAYS

The composition and fabric of important clay minerals are given below.
1.4.1 Kaolinite group

Structure: 1:1 dioctahedral

Composition: Al;Si1,0,0(OH)s

The mineral species: Kaolinite, nacrite, dickite, halloysite, anauxite.

Here the charges within the structural unit are balanced. There is a

shght substitution of Ti and Fe for Al. Halloysite is the hydrous form of
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kaolinite. The presence of interlayer water in halloysite makes the bonds rather
weak. Halloysite occurs in tubes whereas the rest of the minerals in this group

are tabular.
1.4.2 Serpentine Group

Structure: 1:1 trioctahedral

Composition: MgeSi4049(OH)s

The mineral species: chrysotile-fibrous, lizardite-platy, antigorite-fibrous
Variety of atomic substitutions can take place. The following substitutions are
possible:

Tetrahedral: Si**, Al**, and Fe*'

Octahedral: AI'*, Mg?*, Fe¥', Fe**, Co*", Mn**, Ni**, and Cr**

1.4.3 Montmorillonite or Smectite group

Structure: 2:1 dioctahedral or trioctahedral

Composition: Mx,. YH,O[AL 0..Mg,]}S15020(OH)4

The mineral species is either a dioctahedral smectites such as montmorillonite,
beidellite and nontronite or trioctahedral smectites such as hectorite, saponite,
sauconite ctc. They have a charge deficiency either in the octahedral or

tetrahedral layer.
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1.4.4 Pyrophyllite Group

Structure: 2:1 dioctahedral

Composition: Mg3S1,019(OH);

Layers are electrically neutral so that no interlayer cation is present. If alumina
replaces silica, the structure is no more neutral. To balance it K' may be added,

which produces muscovite.

1.4.5 Talc

Structure: 2:1 dioctahedral

Composition: Al;S1401o(OH);

The bonds are held together with Van der Waals forces so it gives a greasy
feeling to talc. Layers are electrically neutral, thus no interlayer cation is

present.
1.4.6 Mica Group

Structure: 2:1 dioctahedral or trioctahedral

Composition: X5Y 4 6SigAl;020(0OH)4;

(X =K and/or Na, Y = Al and/or Fe and/or Mg)

The mineral species includes dioctahedral micas; muscovite, paragonite,
phengite, leucophyllite etc and trioctahedral micas such as biotite, phylogopite,
lepidolite, taeniolite etc. Most commonly the mineral illite (dioctahedral) is
closely related to muscovite though it contains less potassium and more water

and shows structural vanability. Glauconite may be regared as an iron rich
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illite that has larger amounts of ferric iron than aluminium in the octahedral

layer.
1.4.7 Chlorite

Structure: 2:2 trioctahedral

Composition: (mge.y<FeyAlSis)015(OH)g

Isomorphous substitutions. There are many mineral names for compositionally
distinct members of the group and extensive solid solutions occur by ionic

substitution between members
1.5 STRUCTURAL FORMULA FOR CLAYS

The composition of any clay-type could be written relative to the
proportion of oxides. For e.g., composition of kaolintte as Al,03.2510,.2H,0,
but this is virtually devoid of structural information. It is better to take the unit
cell as the basic quantity, and then the above formula can be expressed as
(Sia)"V(Al)Y'0,(OH)s. This gives the cation occupancy of the tetrahedral sheet
(superscript IV) and the octahedral sheet (superscript VI). All the 1:1 clay
mineral will have the same anionic group, O;¢(OH)s. Similarly, the anionic
group for all 2:1 minerals is O20(OH)4s. The unit cell formula for dioctahedral
2:1 type is (Sis)'"(Al)"'020(OH)4. Here out of the six octahedral sites, only
four are occupied and is by Al 2:1 trioctahedral type in which tetrahedral

cations are Si*" and octahedral cations are Mg®* have unit cell representation as
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(Sis)(Mg6)w02o(OH)4. Table 1.5.1 shows the structural formulae for some
dioctahedral and trioctahedral 2:1 phyllosilicates.

Table 1.5.1 Idealized structural formulae for some dioctahedral and

trioctahedral 2:1 phyllosilicates

Layers Trioctahedral Dioctahedral
Octahedral Brucite, Gibbsite,
only Mg(OH); Al(OH);
T-O Serpentine group Kaolinite group
Mg3Si,05(0OH)4 ALLSi,05(OH)4
T-O-T Talc group Pyrophyllite, smectite
Mg3Si40o(OH): group
ALS14010(0OH);
T-O-T with Phlogopite micas Muscovite micas, illite
interlayer  K(Mg, Fe?")3(Si3A10,0}OH), clays
cations Ka(A)(Si3A10,0)(OH),
(eg., K"

1.6 MIXED LAYER CLAY

Mixed layer clays are common and consist of clays that change from one type
to another through a stacking sequence. The sequences can be ordered and

regular, or highly disordered and irregular. For example montmorillonite layers
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can alternate with illite layers in an ordered way, or there can be several layers

of montmorillonite with random layers of illite (figure 1.6.1).

2:1:1 Layer

o - H atom position

Figure 1.6.1 Mixed layers clay with a repeating 2:1:1 structure
1.7 SMECTITE CLAYS

Smectite minerals are components of many soils and sediments and
often are found as large, mineralogically pure deposites®. They have either 2:1
dioctahedral or 2:1 trioctahedral structure. In the layer lattice structure, a
central MO4(OH), octahedral sheet is symmetrically cross linked above and
below to two tetrahedral MO, sheets. Al, Mg, Fe and sometimes Li occupy the
octahedral sites whereas Si and in part Al occupy the tetrahedral sites. When
substitutton occurs between elements of unlike charge, deficit or excess charge
develops on the corresponding points of the structure. The deficit charges are
compensated by monovalent and divalent cations, especially Na’, K" and Ca®,

sorbed in the interlamellar space. The members of smectite group of clay are
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distinguished by the type and location of cations in the oxygen framework. In a
unit cell formed from 20 oxygens and 4 hydroxyl groups there are eight
tetrahedral sites and six octahedral sites. Thus the primary structure of
smectites is lamellar, with parallel layers of tetrahedral silicate and octahedral
aluminate sheets. Secondary structure stems from valence deficiencies in
primary structure. The tertiary structure is a consequence of secondary
structure. This is a result of interstitial cations that are trapped as freely moving
ions between the negatively charged layers. The nature of cations filling the
octahedral and tetrahedral sites in the 2:1 layers distinguishes the various
members of the smectite clay family. Montmorillonite, Beidllite, Nortronite etc
belong to dioctahedral smectite group while Hectorite, Saponite, Sauconite etc

are included in the trioctahedral group of smectite clays.

In smectites, the charge on the layers is intermediate between the talc
group where layers are electrically neutral and mica groups where layers bear a
net negative charge of two electrons per unit cell. The difference in layer
charge results in physical and chemical properties not found for talc and mica
groups. Typically the positive charge deficiency in the layers of smectites

ranges from 0.4 to 1.2 ¢’s/ unit cell.
1.8 PROPERTIES OF SMECTITES

Smectites are nanomaterials. The elementary platelets are a few tenths
to a few hundreds of nanometer wide and long and 0.96 — 1.50 nm in
thickness. The exact thickness depends on the number of adsorbed water

layers. As already mentioned isomorphous substitution results in negative
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charge to the elementary platelets, thus corresponding charge neutralizing and
exchangeable cations together with one or two water layers are located in the

interlamellar space between the elementary particies.

e

A singhe smactite piateiet Is composed of & central aluming or
magnesia lsyer joined to silica Iayers. The particle iz one nm thick
andd up to several hundred nanomaeter across.

A group of elementary platelets form a clay particle. As a result of
these structural characteristics, smectite clays possess a combination of cation

exchange, intercalation and swelling properties, which make them unique”.
1.8.1 Cation exchange capacity

Cation exchange refers to the capacity of smectites to change the

cations adsorbed on the surface. Exchange of Na', Ca®’, etc ions in smectite
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clays can be done with hydrated transition metal ions, rare earth metal ions as
well as robust cations. The essence of this phenomenon is that the cations of
the interlamellar space, that neutralizes the net negative charges of the layers,
have no fixed sites in the lattice and hence if the mineral is immersed in an
electrolyte, exchanges governed by the principle of equivalence will take place
between the external and internal cations’ i.e. the hydrated cations of the
interlamellar surface of the native minerals can be replaced with almost any

desired cation by utilizing simple ion exchange methods.

1-""#'.“_ -f-'."-
T f’iﬁ_ﬂ
S f s
Siere mavem cltieiarm mrem cecmmuses - Na'
o Na* -_"a -~ Na* o
Exchangable, ~"— — -4 .-
Cations ~t L---7 Monomolccular
-, & Watcer Laycr
Nat Na' -~ N v
u_‘ - - Na* _ﬂ,f"

ot
f - v."..;.—""

The net negative charge on the platelet is mostly
balanced by sodium ions although other inorganic
cations are present ia minor amounts. The charge-
balancing ions are associated with platelet faces and
are termed “exchangable” since they can readlly
substituted with other cations. A microscopic clay
particle is composed of thousands of these
sandwiched platelets with exchangable cations and 8
layer of water between each.
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With large complex cations, the extent of ion replacement may be size

limited®. Table 1.8.1 shows the CEC of some clay minerals. From the table it is

evident that the CEC of smectites is large compared to other type of clays.

Table 1.8.1 CEC of clay minerals

Clay mineral CEC
(meq/100g)
Kaolinite 3-15
Halloysite.2H,O 5-10
Halloysite.4H,0 40 - 50
Ilite 10 - 40
Chlorite 10 - 40
Pyrophyllite 0
Talc 0
Smectites
Montmorillonite 80-150
Vermiculite 100 - 150
Beidilite 60 - 120
Nontronite 60 - 120
Hectorite 60 - 120
Saponite 60 - 120
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1.8.2 Intercalation

Intercalation in clays refers to the insertion of guest species within the
layers. As already mentioned the hydrated cations on the interlamellar surfaces
of the native minerals can be replaced with any desired cation by ion exchange.
Neutral molecules other than water also can be intercalated between the silicate
layers of smectites. Because of the ability of smectites to imbibe a variety of
cations and neutral molecules, an almost limitless number of intercalates are
possible with the retention of the layer structure. Several binding mechanisms
may operate in the intercalation process®®. One particularly important
mechanism involves complex formation between exchange cation and the
intercalant. Such a mechanism operates in the binding of pyridine (py) to Cu**
exchanged form of smectites’ where the horizontal lines symbolize the silicate

layers.

[Cu(H0) +py —=H.Q [Cu(py)a]**

The reaction of the hydrated cation functioning as a Brensted acid and
the intercalant acting as a base is another important intercalation mechanism.

Ammonia, for e.g., binds as ammonium ion in Mg®*-Montmorillonite'°.

[Mg(H,0),J*' +NH; ., [Mg(OH) (H,0),.1] "+ NH4'
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1.8.3 Swelling

The ability of smectites to expand beyond a single molecular layer of
intercalant is very important. Many clay minerals absorb water between their
layers, which moves apart, and the clay swells. Swelling is a reversible process
that occurs, essentially from the extra hydration of the interlamellar cations.
The extent of interlayer swelling depends on the nature of the swelling agent,

the exchange cation, the layer charge and the location of the layer charge.

Hydration
Water penetrates betweemm platelets.

When ciay and water are mixed, water penetrates between
platefets forcing them further apart The cations begin %o diffuse
away from platelet faces.
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For efficient swelling, the energy released by cations and/or layer
solvation must be sufficient to overcome the attractive forces (such as H-
bonding) between the adjacent layers. In 1:1 (OT) clay minerals, water forms
strong H- bonding with hydroxyl groups on hydrophilic octahedral layers,

allowing swelling to occur.

Diffusion & Osmosis = Delamination

Diffusion — the movement of cations from between platciets out
into the water - and osmosis — the movement of water into the
space beltween platelets - then promote delamination until
platelets are completely separated,
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With 2:1 (TOT) clay minerals, the ability to swell depends on the
solvation of the interlayer cations and layer charge. Clays with 2:1 structures
and low layer charge (e.g. talc and pyrophyllite) have very low concentration
of interlayer cations and therefore do not swell readily. At the other extreme,
those with very high layer charges (e.g. mica) have strong electrostatic forces
holding alternate anionic layers and the interlayer cations swell most readily
and with divalent, trivalent and polyvalent cation swelling decreases
accordingly. Thus Li' and Na' exchanged forms of the minerals are

particularly susceptible to swelling by water'' ">,

Colloidal structure
Positive edges + negative faces = “house of cards.”

Once the smectite is hydrated (i.e., the platelets are separated)
the weakly positive platelet edges are attracted to the negatvely
charged plateiet faces. A thiee dimensional colfoidal structure
forms, commoniy calied the “house of cands "

As the interlayer water content of Na'-smectites is increased with

increasing partial pressure, a more or less constant interlayer spacing
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corresponding to monolayer formation is observed. After this, the spacing
jumps abruptly to a value corresponding to two intercalated water layers. The
stepping of the interlayer spacing is especially well behaved in beidellite and
saponite“. Further sweling of interlayer due to osmotic forces is observed

when the minerals are immersed in liquid water.

This colioidal structure traps
Solids, Qils, Gases etc

This colioidal structure & valued for its ability to trap and
segregate sollgs, as in asuspension, oils, as in an emulsion,
and gases, as in @ foam or mousse.

The osmotic swelling of smectite clays can be quite spectacular. Under

appropnate conditions the silicate layers can be separated by hundreds of
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angstroms of water. In fact, the silicate layers of Na' - montmorillonite in
dilute aqueous suspensions are completely dispersed (delaminated). As the
concentration of the dispersion is increased, gelation occurs. The gelation
phenomenon, which occurs at a concentration as low as 2% clay by weight is
believed to result from layer edge - to face — interactions, which generates a

“house - of - cards” structure'?.
1.8.4 Acidity

The interlayer cations contribute to the acidity of clay minerals. Some
of these cations may be protons or polarizing cations (e.g. Al’*), which give
rise to strong Brensted acidity. The higher the electronegativity of M*, the
stronger the acidic sites generated. H3O' associated with the negatively
charged octahedral layers acts as a Bronsted acid site. Brensted acidity also
stems from the terminal hydroxyl groups and from the bridging oxygen atoms.
In addition, clay minerals have layer surface and edge defects, which would
result in weaker Bronsted and/or Lewis acidity generally at low concentrations,
i.e. Al in three fold coordination, perhaps occurring at an edge, or arising from
a Si-O-Al rupturing. Dehydroxylation of Brensted site would correspond to a
Lewis site (figure 1.8.1). An octahedral AI** located at a platelet edge after
thorough dehydration, will be electron pair acceptors and will function as acids
n the Lewis sense. Obviously, water will convert the Lewis site into Brensted

site, a fact that limits the study of Lewis sites to relatively anhydrous systems.
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Figure 1.8.1 a) Off axis projection of a 2:1 dioctahedral mineral with Brensted

acid sites. b) Possible configuration of a Lewis acid site
1.9 MONTMORILLONITE CLAYS

Montmorillonite, the most important smectite is composed of units
made up of two SiO,; tetrahedra sheets and one ALQO; octahedral sheets. The
inter sheet layer include, exchangeable metal ions, neutralizing the net negative
charges, which are generated by the partial substitution of AP with Mg2+ at
the octahedral sites. To a lesser extend some tetrahedral sites also might be

occupied by ions other than Si*'. These characteristics explain the high cation
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exchange capacity (CEC) and good swelling properties that provides wide

applications.

[ 9 Tetrahedral shest

| /*= (Si0, tetrahedra)
Clay __Octahedral shest
Layer {AIOg, FeQ; octahedra)

Figure 1.9.1 Structure of montmorillonite clay

Calcium is the commonest interlayer cation but when sodium is the
exchangeable ion, the mineral swells more when placed in contact with water.
Replacement of interlayer cation by potassium resembles montmorillonite with
illite, but does not lose its ability to take up water. Structure is shown in

figurel.9.1. Mineral data of montmorillonite is given in the table 1.9.1

Table 1.9.1 Montmorillonite: mineral data

Montmorillonite:  (Na, Ca)o3(Al; Mg),Si40,0(OH),. nH,0
Crystal Data: Monoclinic. Point Group: 2/m: Tiny scaly crystals,

tabular on {001}; as lamellar or globular
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Physical
Properties:

Optical
Properties:

Cell Data:

X-ray Powder

Pattern:

Polymorphism &
Series:

Mineral Group:

microcrystalline aggregates; clayey, compact, massive.
Cleavage: {001}, perfect. Fracture: Uneven. Hardness
= 1-2. D(meas.) = 2-3 D(calc.) = n.d. Positive
identification of minerals in the smectite group may
need data from DTA curves, dehydration curves, and
X-ray powder patterns before and after treatment by
heating and with organic liquids.

Translucent. Colour: White, pale pink, buff, yellow,
red, green.

Luster: Dull, earthy.

Optical Class: Biaxial (-). Pleochroism: X = colourless
to pale brown, yellow-green; Y = dark brown to
yellow-green, olive-green, pale yellow; Z = brown to
olive-green, pale yellow.

Orientation: X ~¢; Y=b; Z~a. a=1492-1.503 f=
1.513-1.534 y=1.513-1.534

2V(meas.) = 10°-25°

Space Group: C2/m. a = 5.17(2) b = 8.94(2) c =
9.95(6) B=nd Z=1

Chambers, Arizona, USA; Na and glycerol saturated.
17.6 (10), 4.49 (8), 1.50 (6), 9.00 (5), 3.58 (4), 2.57
(4b), 2.99 (3)

Interstratifies with chlorite, muscovite, illite, cookeite,
kaolinite.

Smectite group.
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Occurrence:

Chemistry:

Association:

Distribution:

An alteration product of volcanic tuff and ash, forming
bentonite beds, and of pegmatite dikes and wall rocks
bordering hydrothermal mineral deposits. Forms under
alkaline conditions of poor drainage, with Mg, Ca, Na,
and K remaining in the soil.

(1) Montmonillon, France; corresponds to
(Cap.1aNag.02)x-0.16(Al1 68Mg0:36F€0.04)5-2:08(Si3 90Alg.10)x
=4.00010(OH),.1.02H,0.

(1)
Si0, 51.14
ALO; 19.76
Fe,03 0.83
MgO 3.22
CaO 1.62
Na,O 0.11
K0  0.04
H 0" 7.99
H, O 14.81
Total 99.52

Cristobalite, zeolites, biotite, quartz, orthoclase,
dolomite, amphiboles, pyroxenes, olivine, calcite,
gypsum, pyrite, limonite.

A common clay mineral, with numerous localities
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worldwide. From Montmorillon, Vienne, France. In
the USA, material considered as standards from
Bayard and Santa Rita, Grant Co., New Mexico; near
Chambers, Apache Co., Arnizona; at Belle Fourche,
Butte Co., South Dakota; in Wyoming, on the John C.
Lane tract, Upton, Weston Co., at Clay Spur, near
Newcastle, Crook Co., and elsewhere. In the Itawamba
mine, Itawamba Co., and in mines around Polkville,
Simpson Co., Mississippt; at Strasburg, Shenandoah
Co., Virginia.

Name: After the occurrence at Montmorillon, France.

1.10 APPLICATION OF CLAYS

Clays and clay minerals have been mined since the Stone Age; today
they are among the wmost important minerals used by manufacturing and
environmental industries. Clay has been used since the very beginning of
civilization, for making cooking pots, bricks, porcelain, and also drainage
pipes. Both brick clays and other clays are used for other purposes, such as the
manufacture of clay pipes, and for floor and wall tiles. Fireclays are used for
more refractory purposes such as heat-resistant tiles or bricks. Ball clays are
used for ceramics. China clay, predominantly kaolinite, is used in ceramics, as
filler and in drug manufacture. Expanded clays are used as a lightweight

aggregate in the manufacture of expanded clay blocks used for insulation.

Cochin University of Science And Technology 28



However, the major use of clay, after brick manufacture, is in the manufacture

of cement.

Highly absorbent, bentonite is much used in foundry work for facing
the moulds and preparing the molding sands for casting metals. The less
absorbent bentonites are used chiefly in the oil industry, e.g., as filtering and
deodorizing agents in the refining of petroleum and, mixed with other
materials, as drilling muds to protect the cutting bit while drilling. Other uses
are in the making of fillers, sizings, and dressings in construction, in clarifying
water and wine, in purifying sewage, and in the paper, ceramics, plastics, and

rubber industries.

The U.S. Geological Survey (USGS) supports studies of the properties
of clays, the mechanisms of clay formation, and the behavior of clays during
weathering. These studies can tell us how and where these minerals form and
provide industry and land-planning agencies with the information necessary to
decide how and where clay and clay mineral deposits can be developed safely
with minimum effects on the environment. Clays are further more used as

decolourisation agents and ion exchangers.

In the yeax: 1865, Von Liebeg described the properties of china clay that
could catalyze the formation of water from oxygen and hydrogen at a pressure
and temperature at which they are usually unreactive. Then the use of clays as
catalysts became widespread. The small particle size and layer structure

permits the formation of clay/polymer nanocomposites that are typical
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examples of nanotechnology. This class of materials uses smectite type clays,
such as hectorite, montmorillonite and synthetic mica as fillers to enhance the

properties of polymers.
1.11 MODIFICATION ON CLAYS

Clay modifications are done mainly for the use in catalysis. Naturally
occurring clays may not be efficient catalysts. Modifications are needed to
improve the acidity, porosity, thermal stability, mechanical strength etc for
variety of applications for e.g. in acid catalyzed as well as shape selective
reactions. The important methods of modifications include acid activation,

cation exchange, intercalation, pillaring etc.
1.11.1 Acid Activation

This modification involves the treatment of clay with mineral acids,
which replaces the interlamellar cations with protons. When the phyllostlicate
clay minerals are treated with dilute acids, the H" ions attack the silicate layers
via the interlayer region and exposed edges, thus displacing the octahedral ions
such as AP’" and Mg”', which then occupy the interlayer sites. Acid activation
causes little damage to the silicate layers where the structure for the center of
the platelet remains intact. The rate of dissolution of the octahedral sheet
increases with the concentration of the acid, temperature, contact time and

1316 Dealumination develops

increasing Mg content in the octahedral sheet
mesoporosity in the layers and contribute to high surface area. The protons
exchanged for the interlamellar ions and the leached hydrated alumina

occupying the cation exchange sites contribute to the enhanced acidity”.
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However, prolonged acid activation usually leads to a complete dealumination

resulting in a silica matrix.
1.11.2 Cation exchange

The interlamellar cations as already mentioned are exchangeable and
thus cations, neutral molecules etc can be entered between the layers and this
leads to the modifications, intercalation as well as pillaring. Cation exchanged
montmorillonite clays are useful for a number of organic transformations. The

exchanged cations favour the properties such as acidity etc.
1.11.3 Intercalation

Montmorillonite can efficiently adsorb various organic compounds,
ionic or neutral, within its interlayers. The intercalation is quite easy
accomplished by magnetic stirring of the clay dispersed aqueous solution with
an appropriated amount of guest ions dissolved in water or sometimes added
directly as a powder. Such intercalation can be utilized as a probe for
identification of 2:1 type clay minerals'®'®. Due to the ionic exchange with the
exchangeable alkali ions, generally, more that 95% of the guest ions are
incorporated on the basis of the CEC of the clay?®*'. Also non ionic guests
with large dipole moments such as ketones and nitriles can be adsorbed to the
exchangeable metallic ions within the layers according to their coordination

with the 10nic sites in the interlayers.

In general, clays act as catalysts by intercalating organic molecules,

which are then activated by interaction with the intemal surface acid sites that

Cochin University Of Science And Technology 31



Chapter 1

are part of the walls of the interlamellar region. For this reason, the
understanding of the process of intercalation is fundamental in the study of
catalysis by clays. A large variety of organic molecules are intercalated by the
so called displacement method””. This amounts to intercalating a small
molecule in the first instance, such as ammonium acetate, which is then
displaced by a second, usually larger or less polar entity, such as glycol. The
degree of swelling as a result of intercalation is governed in part by the nature

of the interlamellar cation.

The adsorption property in clays permits the mutual interaction of the
incorporated guests that form self assembling molecular aggregates due to the
two-dimensional layer surface, which is in contrast to silica colloidal
surfaces”. It is possible to obtain detailed information on the higher
dimensional structure of the guest molecules by various methods such as X-
ray diffraction, neutron scattering or high resolution electron microscopy,

nuclear magnetic resonance (NMR)**, electron spin resonance (ESR)? etc.

The intercalation of polymers into clay minerals is also an important
area of research since hybridization may produce unique material with
moisture adsorbing properties. In order to make a polymer clay hybrid
matenial, for e.g., polymerization of the alkenes, were conducted in the layers
of the clay in the presence of an initiator after the adsorption of the alkenes as

monomers.
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1.12 PILLARED CLAYS (PILCs)

The beautiful and so flexible architecture of the natural smectites
seemed excluded in the harsh conditions of most catalytical reactions. Pillaring
is the process by which a layered compound is transformed into a thermally
stable micro and/or mesoporous material with retention of the layer structure.
Dehydration and collapse of the clay structure occurs even at temperatures
such as 200°C, are severe problems associated with the clays. Pillaring solves
this problem of thermal stability to a great extent and these porous materials

are used as catalysts, catalyst supports, sensors or adsorbents®.

Barrer and Mac Leod” in 1955 first introduced the concept of
transforming a lamellar solid into a porous structure by inserting laterally
spaced molecular props between the layers of smectite clay mineral. They used
organic compound, tetraalky! ammonium ions to develop porosity. However,
organic and organometallic intercalating or pillaring agents decompose at
relatively modest temperatures causing the PILC structure to collapse. The
terms ‘pillared’ and ‘pillaring’ originates from the work of Brindley and
Semples®® and Vaughan and Lussier’ in 1970 on smectite type clay minerals.
They found that thermally stable, robust inorganic moieties could be
intercalated between the individual clay platelets of the stack or aggregate of
clay lamellae. These materials are referred to as pillared interlayered clays
(PILCs). Nowadays, the range of materials that can be pillared has expanded

beyond smectite type clay minerals.
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Figure 1.12.1 Schematic representation of pillaring

Cation exchange in the interlayer by bulky (polyoxo) cationic species
(oligomer) that acts as props to keep the structure open is the basic
phenomenon involved in the pillaring process. Thus swelling clay minerals
capable of cation exchange can be pillared. We can represent the cation

exchange process as

MNa,+P,"" — 4 MP,+VNa'
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where Na' is the common interlamellar cation and P, is the pillaring cationic
oligomer that has high charge and large size. The cationic oligomer results

from partial hydroxylation of salts or condensation reaction.

np" — PV +(mz-v)H' + x H,0(n)
The careful processing of the intercalated solid transforms the clay structure
into a thermally stable porous structure. Dehydration and dehydroxylation of
the polycation occurs upon thermal activation (calcination) to get stable oxide

cluster as a pillar {(converting the hydroxide pillars) between the layers.

Calcination shifts the bonding between interlayer species and clay
layers from ionic to covalent. After pillaring the enhanced spacing between the
adjacent layers remains stable, upon introduction and removal of the solvent,
thermal treatment etc. On pillaring the thermal stability can be enhanced up to
750°C*°. All PILCs are stable in the temperature range 400 -500°C.

The schematic representation of pillaring is shown above (figure
1.12.1). The d spacing ranges from 15 - 30 A depending on the pillar metal,
pillaring agent and the treatments after the intercalation. The pore size is thus
determined by the size of the pillars and the spacing between the pillars in the
layer, 1.e. the interlayer spacing depends on chemical nature and height of
intercalating species. On the other hand, interpillar distance is mainly related to
the density of pillars, which in turn depends strongly on the extent, and

distribution of charge density on clay layers and also on size of pillars.
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1.12.1 Pillaring agents

The use of organic reactants has been recently reviewed by Barrer’'.
Pinnavaia bhas reviewed the intercalation of smectites by organometallic
complexes. The stability of these structures hardly reaches 450°C. Polynuclear
hydroxy metal cations yield high free spacings with reasonable stability at high

temperatures.

In principle, any positively charged ion can be used. Thus oxidic
pillaring usually proceeds via insertion of hydroxy oligomeric cationic species
between aluminosilicate layers and stabilization by heat treatment’”. Another
method is the insertion of organocationic complexes into interlamellar space,
followed by heating which removes the organic part leaving oxidic micro

pillars®.

Much effort has been expanded in finding various pillaring
polyoxocations. The formation of poly nuclear cations was first recognized by
Bjerrum™ in his study on the hydrolysis of Cr** and later for metal ions such as
AP, Be”', Ni*', Pb?*, Ze* HfY, Ti**, Fe** and Ce** by other workers®. The
various types of polynuclear hydroxy metal cations for pillaring smectites
include those of AI® 6, zrY, Ti’s, Si¥ F e4°, Cr‘”, Nb*, Ga®®, Ni*, u® , Bi*® and
organometallics. Mixed metal oxide pillars containing two or more cations

have also been prepared.
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1.12.2 Aluminium PILCs

Most of the research on PILCs has been focused on alumina PILCs
which uses Al;3 polyoxocation as the pillaring agent. Solutions containing this

complex are prepared through partial hydrolysis of aluminium salts.

reverse view

Figure 1.12.2 Structure of Al;; complex

Forced hydrolysis is done either by addition of a base (hydroxide, carbonate
etc) to aluminium chloride or aluminium nitrate solutions up to an OH/Al

5* or by dissolving Al powder in AICl; (i.e. aluminium

molar ratio of 2.
chlorohydrate or aluminium chlorhydrol; ACH). From *’Al NMR and XRD*

analysis, the structure of the complex is found to be the tridecamer
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[AIOsAL(OH)24(H20)12]™", a keggin structure® (figure 1.12.2). On partial
hydrolysis species other than Al polyoxocation exist that exchange for the

clay interlayer cation™.

To obtain PILCs, partially hydrolyzed aluminium solutions with an
effective charge of approximately +0.5/Al need to be mixed in a dilute form
with dilute clay suspension followed by careful washing’'. Schoonheydt and
Leeman’” succeeded in pillaring saponites in concentrated partially hydrolyzed
Al solutions in which the species were different from Al;3 polyoxocation. The
main disadvantages of this route are (1) the time consuming preparation of the
solution and clay suspension and (2) the large quantities of water to be

handled.

tetrahedral sheest

Figure 1.12.3 Aluminium pillared montmorillonite
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T Clays: Introduction GRrTNEeFMire Survey

The amount of aluminum bound in the interlayer per unit cell varies
only within a small range (2.78 - 3.07) equivalent to approximately one
Al13/4.6 to 6 unit cells and no comrelation with the charge of the layer. This
suggests a more or less uniform monolayer of hydrated Al polyoxocation to be
present in the interlayer. Bergaovi et al”® indicated that the amount of Al never
exceeds one Al;3/6 unit cell due to steric constraints at the solid — liquid
interface. The layer charge plays role in the competition between flocculation
and intercalation. Pillaring results in an effective reduction of the initial CEC
of the starting clay>’. Acid activation of montmorillonite prior to pillaring
results in a higher surface acidity and pore volume/diameter compared to
normal pillared montmorillonite, but here the surface area is found to be

small®®. The surface area ranges from 220 -380 mZ/g and basal spacing 17 - 20

A.

Plee et al’® have used >’Al and Si MAS NMR techniques to study the
thermal transformation of the pillars and their linkage with the clay sheets.

Aluminium pillared montmorillonite is shown in figure 1.12.3.

The dehydroxylation during calcination is by the reaction
[AlOsAL(OH)24(H;0)1] ——» 6.5 AL O3+ 7H" +20.5 H,0

h*"*® obtained

Depending on the drying conditions, Kodama and Sing
three types of Al pillared montmorillonites. Extremely dry conditions led to a
phase exhibiting a basal spacing of 18.8 A. An intermediate phase was formed

under ambient conditions. Both phases transformed to a third phase displaying
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a basal spacings of 28 A upon aging. The phase of basal spacing of 18.8 A
converted to the phase of basal spacing of 28 A upon heating at 700°C. The
phase of basal spacing of 28 Aisa relatively regular interstratified structure of

non expanding layers of spacing of 9.6 A and expandable layers of a spacing of
18.8 A in a ratio of 0.46: 0.54.

1.12.3 Zirconium PILCs

Zr polyoxocations of the type  [Zra(OH)ren(ty Ol of
(8-x)+
[Zr4(OH)s(H0)16(C1,Br)] (figure 1.12.4), have been formed by the

dissolution and ageing of zirconyl chloride, Zr0,Cl,.8H,0°%3. The degree of

polymerization is affected by not only ageing but also by concentration and
pH.

Figure 1.12.4 Zirconium pillar polyoxocation

The basal spacings showed a rather large variation with values between
134 1 '
and 19.3 A, depending on the exact preparation method. Similar

differences were observed for the surface areas. Addition of bases like NaOH
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accelerates the polymerization and increases the stability of the Zr-PILCs due

to a higher pillar density™.

Controtled polymerization offers the possibility to prepare PILCs with
different interlayer distances and surface areas®. Hydrolytic polymerization
can be induced by refluxing of the pillaring solution and/or the PILC
suspension®®®. Ohtsuka et al.*® observed two different phases after refluxing.
Clays pillared with a solution containing less than 1 M zirconyl chloride
exhibited a basal spacing of 23.3 A, whereas pillaring with a solution
containing a higher zirconyl chloride concentration had a basal spacing of 21.3
A. Burch and Warburton®’ interpreted from their data that the insertion of
single Zr tetramers parallel to the clay layer surface form the low basal
spacings of approximately 13-14 A. This in contrast to Yamanaka and
Brindley®® who observed basal spacings around 19.6 A, which they interpreted
as being formed by either the same tetramers standing perpendicular to the clay
layer surface or by stacking of two tetramers on top of each other. The
difference might be explained by the much higher amount of Zr taken up in the
second case. However, there seems to be no clear evidence for this type of
pillar positioning. The larger basal spacings between 19 and 24 A are
interpreted as being due to either the formation of larger polymeric cations or
by overlap due to mismatch between cations adsorbed on opposite clay layers.

The observed high thermal stability (700-800°C) favors the first optton.
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FTIR studies on pyridine adsorption on Zr-PILCs showed that the
Lewis acid sites were only located on the pillars, while the Brensted acid sites

were associated with the exposed clay surface and the pillar-clay bonding’’.
1.12.3 Titanium PILCs

Titanium is known to form polymeric species in solution for guite some
time’""2. In general two different methods to create Ti complexes (figure
1.12.5) suitable for pillaring processes were reported in the literature. The first
method to form Ti complexes in solution is the addition of TiCly to S or 6 M
HCI followed by dilution with distilled water and ageing from 3 hours up to as
long as 20 days prior to their use as pillaring agents” . A drawback of this
preparation route is the highly acidic conditions one has to work in, resulting in

teaching of small amounts of Al and Si from the clay structure’*"”.

[TiOz(OH)4l,

Figure 1.12.5 Titanium pillar complex

Cochin University of Science And Technology 42



The second route is based on the hydrolysis of various Ti alkoxides
(e.g., tetra-ethoxide, tetra-n-propoxide, tetra-isopropoxide, tetra-n-butoxide)
under much milder acidic conditions {mostly 1 M HCI)76'8°. The basal spacing
dioory has been shown to increase generally to values around 24-25A following
both hydrolysis methods (although Yang et al” reported an unexplained value
of 28.3 A after calcination at 300°C). Consequently the specific surface area
increased to values between 250 and 350 m%g depending on the precise
preparation conditions and calcination temperature. In the work of Bernier et
al”’, which follows the initial work of Sterte’, it is proven that the
experimental conditions like Ti concentration, temperature and pH of the Ti
complexes-clay suspension are critical to the morphology and texture of the
final PILCs.

73! show a relatively

XRD patterns of the PILCs given in some studies
large amount of unexpanded clay. This portion may consist of either unreacted
clay or clay exchanged with some type of monomeric Ti species. This amount
decreases with increasing TiCly concentration and lower acidity. Such large
amounts of unexpanded clays were not reported in other papers. Sterte’®
inferred from the decrease in surface area with increasing amounts of Ti added,

while the pore volume and actual uptake of Ti remained constant.

Malla et al.”® observed that with increasing calcination temperatures the
nitrogen surface areas remained more or less constant, whereas the water
surface areas decreased continuously indicating that the pores become more

hydrophobic upon calcination. Temperature-programmed desorption (TPD) of
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ammonia and pyridine adsorption/desorption experiments revealed that the
acid sites or mainly strong Lewis acid sites, must be located at the interphase
between pillar and the siloxane surface” because (1) TiO; itself has no
significant acidity and (2) the observed acidity differs strongly from the acidity
of the starting clay. Sychev et al.” state that the increased acidity is due to the

dealumination during the synthesis of the Ti-PILCs.
1.12.4 Chromium PILCs

Cr is one of the few cations in addition to Al which can be hydrolyzed
extensively to form large polyoxycations. Cr polyoxocations can be prepared

81-85  Chromium nitrate

by base hydrolysis analogous to that used for Al
solutions have a red-purple colour, which changes upon increasing basicity to
bluish-green and finally to deep green. The polymerization reaction is rather

slow at room temperature®® but quite rapid at 100°C***" and the deep green
p q p p g

86,88 89,90

species were attributed to higher polymers like the trimer and others
Brindley and Yamanaka®' were one of the first to attempt to synthesize Cr-
PILCs by exchange with partially hydrolyzed chromium npitrate solutions
prepared at room temperature. They observed an increased basal spacing of
16.8 A. However, the expanded clay was rather unstable and totally collapsed
at 300°C. Chemical and thermogravimetric analyses indicated that the OH/Cr
ratio in the clay interlayer was higher than the initial solution, which may be
explained by partial dissociation of water adjacent to Cr’* ions in the interlayer

and a continued reaction

Cr"+H,0 ___, Cr(OH)*'°
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Dubbin et al.”’ observed an additional basal spacing at 19.2 A in
addition to the main basal spacing at 16.7 A. They argued that this additional
spacing might be due to some type of Cr Keggin structure or a linear trimer of
three octahedra. XPS binding energies of Cr in the clay however were
essentially the same as those in CrCl;.6H,0 and indicative of Cr’*. Due to the
fact that the central cation in the Keggin structure is tetrahedrally coordinated
to oxygen and this is only observed for higher oxidation states of Cr, the
presence of a Keggin structure in the clay interlayer region can be ruled out. A
linear trimer as pillaring species is therefore thought to have caused the basal
spacing of 19.2 A. Pinnavaia et al.** and Tzou and Pinnavaia® showed that
increasing the hydrolysis temperature from 25°C, as used by Brindley and
Yamanaka®', to 95°C resulted in larger polymers, giving PILCs with basal
spacings near 27 A instead of 17 A and an increased thermal stability up to
500°C (basal spacing of 21 A). Increasing the Cr content in the interlayer
region did not resuit in significantly different basal spacing although the
surface area diminished. This has to be interpreted in terms of rod- or disk-
shape chromic aggregation oriented in the interlayer region with the axis

paraliel to the tetrahedral layers of the clay.

1.12.5 Other Metal PILCs

Pillaring using other metals which forms polyoxocations are also

reported among which pillaring using metals like Fe, V, Si etc are common.

There are many reports for Fe PILCs from the partial hydrolysis of
FeCl™*, Fe(NO3);”, Fe(ClO4)s, Fe(S04);*. In many other reports’ ™, the
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“complete collapse of clay occurs after calcination. Another route attempted to
prepare Fe-PILCs makes use of organic cage like structures such as Fe(Il)-

1,10-phenantroline'® and trinuclear aceto Fe(I1l) ions'*'"'®,

Studies concerning the hydrolysis of gallium have shown that a keggin
structure similar to the Aly; can be formed'*'%, Bradely and Coworkers'? 1%
extensively described the synthesis of Ga-PILCs. V-PILC is prepared by
refluxing a chloro-montmorillonite with NHsVO; in dry acetone for 12 h'',
Montmorillonite on refluxing with VOCl; in dry benzene is another method'"".
Endo et al''? prepared Si-PILCs by in-situ hydrolysi's of tris(acetyl acetonato

1113

silicon cations). Lewis et al '~ used organo silicon monomers as intercalating

agents.

Bi-PILCs were prepared by Yamanaka et al*®. Yamanaka and Brindley
and Brindley and Kao''* prepared Ni and Mg — PILCs. La-PILCs are prepared
by Lavados and Pomonis'"” and Skaribas et al''®. Other PILCs known are
those of Pb'' by the addition of lead nitrate solution to the clay suspension

followed by hydrothermal treatment.
1.13 MIXED PILCS

The thermal stability, porosity etc of single oxide PILCs can be
mmproved by incorporating a second component into pillars. Various metals

have been described in combination with the Al polyoxycation, the most
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important of them being Fe, Ga, Si, and Zr. Table 1.13.1 summarizes the most

important data for mixed PILCs'"®.

Table 1.13.1 Different mixed pillars with d spacing

Pillar  d(001)(A)  SA (m’/g) Remarks
type calcined

9.6 (500)° Fe/Al ratio 1/9
240 Fe/Al ratio 3/1
18.8 (400) 255
Fe/Al 16.1 (400) 280 Fe/Al ratio 1/1
14.8 (400) 240 Fe/Al ratio 3/1
13.7 (400) 190 Alloy Aly2:5Feq.s04(OH)a4
10.2-18.2 170 -237 Depending on ratio and
(500) preparation
Route
+16 (400) Fe/Al ratio’s 1/9, 1/8, 1/7
+16 (700) 245 Pillar comparable to

Al13Ga0,Al(OH)24(H>0)5]7°

Ga/Al  164-173  200-235 Depending on Ga/Al ratio
(600)
17.7 (500) 136 —288 SA strongly depending on
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18.8 (400)
Si/Al

17.5-18.3

(500)

17.3 (400)
Zr/Al

16.0 (400)
UO,Al

B/Zi/Al  18.0 (700)
B/Si/Al  17.0 (700)

125

212

278 458

343-499

267

315

260-300

390

331
327

Ga/Al ratio

Strong decrease in SA due to
Agglomeration
Langmuir SA
Route A, Al added to Si
Route B, Si added to Al
2 basal reflections at

temperatures below 400°C

Langmuir SA at 400°C pillared
Montmorillonite
Ideal as above but pillared

hectorite

Photoluminescence suggest
incorporation of

UO; in Al pillar

¥ Betwecen parenthescs calcination teémperature
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1.14 CHARACTERISTICS OF PILCS

The PILCs have created tremendous potential for adsorption and
catalysis because of high surface area and permanent localized porosity in the
large micropore region. Also introduction of Brensted and Lewis acidity,
improved thermal stability and increased pore width open a wide scope for the

PILCs in its utility in various organic transformations and adsorption.

The preparation conditions used, pillaring metal selected, pillaring
solution preparation, drying conditions and the calcination temperature play
important role in the layer expansion and surface area - pore volume increase
(figure 1.14.1). Thus designing of structure to the required level can be
attained. Pillaring transforms the bond between the clay layers from Van der
Vaals, or ionic to near covalent, stabilizing the porous net work from structural
collapse. Generally pillaring makes the layer distance between 14 — 30 A from
9.8 A. The density of pillars and the pillar distribution is important in addition

to the pillar size for structural modifications.

From previous discussions we reach in the conclusion that, on
pillaring we are getting thermally stable clay with high porosity, surface area,
acidity etc which can be tuned to a number of industrial applications. The eco-
friendly society demands solid acid catalysts, whereas the enhanced porosity
offers shape selective catalysis. The interlamellar space of clays, capable of the

uptake of organic molecules allows intercalation and the polymerization of
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Chapter 1

monomers when allowed inside the matrix drives the application of clays as
nanocomposites.

Figure 1.14.1 Different forms of precursor association: A. air-dried; B. freeze-
dried; C. with platelet cutting

We in the present study monitor the structural tuning of
montmorillonite clays by pillaring for the applications as shape selective solid
acid catalysts as well as in the development of polymer/clay nanocomposites.
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1.15 SHAPE SELECTIVE ACID CATALYSIS BY PILCS

The most important role of a catalyst is to provide selectivity to direct a
chemical reaction along a very specific, desired path. If almost all of the
catalytic sites are confined within the pore, the fate of a reactant molecule and
probability of a specific molecule being produced are affected by their
molecular dimensions and configurations. Only a molecule whose dimension is
smaller than the pore size can enter the pore, have access to the intermal
catalytic sites and react there. Furthermore, only a molecule that can leave the
pore can appear in the final product. The concept in selectivity due to such

steric effect has been called shape selectivity.

The most popular shape-selective catalysts are zeolites in which the
pore size is comparable with the dimensions of many simple molecules. The
selectivity of reactions of such molecules is often controlled by using zeolites
as catalysts. Acid treated and cation exchanged montmorillonites have been
shown to possess an ability to promote organic reactions as acid catalysts, as
was reviewed by Ballantine''’. Clay catalysts were used as industrial catalysts
for petroleum cracking although they were superseded by amorphous silica-
alumina and zeolites because of the lack of thermal stability at high
temperatures. PILCs having high thermal stability and surface area have
provided a new class of molecular sieves which are structurally different from
zeolites. As pillars prop open the clay layers, the accessibility of reactant
molecules to the interlamellar catalytic sites increases, resulting in a high

catalytic activity. Simultaneously, the pillar can exert a shape-selective effect
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which controls diffusion rates of reactants and products or formation of

reaction intermediates. Thus, PILCs have awoken a lot of interest in their

application for shape-selective catalysts, and they have been used as practical

catalysts in many organic reactions. PILCs have been investigated as acid

catalysts for various reactions. Table 1.15.1 lists several PILC catalysts and the

reactions which they have been reported to catalyze

Table 1.15.1 Acid catalyzed reactions on PILCs

Clay Pillar Reaction
Montmorillonite Tetramethylammonium Oligomerization
Montmorillonite Triethylene diamine Hydration

Esterification

Montmorillonite

Hectorite Al, Zr, (Al / Zx) Cracking

Bentonite
Montmorillonite Al Zr Disproportionation
Montmorillonite

Saponite Al Alkylation

Bentonite
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Montmorillonite Al, Zr Methanol conversion

Bentonite Al, (Al/ Zr) Oligomerization
Montmorillonite Al Hydroisomerization
Bentonite

1.16 CLAY/POLYMER NANOCOMPOSTIES

The mystery of the ‘nano-world’ has been progressively exposed in
recent years. The real interest in nanotechnology is to create revolutionary
properties and functions by tailoring materials and designing devices on the

nanometer scale.

Clay/polymer nanocomposites are typical examples of nanotechnology.
This class of material uses smectite type clays, such as rectorite,
montmorillonite and synthetic mica as fillers to enhance the properties of
polymers. In clays, as already mentioned, hundreds or thousands of layers are
stacked together with weak Van der Waals forces (approximately Inm thick
and 30 nm to several microns or larger diameter) to form a clay particle. Thus

it is possible to tailor clays into various different structures in a polymer.
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Figure 1.16.1 Diagrammatic representation of polymer/clay composites

In the past, the major interest in using clays for polymer enhancement
was to break down clay particle aggregates into individual particles to form
micro-sized filler reinforced polymers, as shown in figure 1.16.1. It can be
imagined that the excellent mechanical properties of each individual layer in
clay particles cannot function effectively in such a system. The weak interlayer
bonding may act as damage initiation sites in applications. It is common to use
high clay loading to achieve adequate improvement of the modulus, while
strength and toughness of the polymer are reduced.

The principle used in clay/polymer nanocomposites is to separate not
only clay aggregates but also individual silicate layers in a polymer, as
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illustrated schematically in figure.1.16.1. By doing this, the excellent
mechanical properties of the individual clay layers can function effectively,
while the number of reinforcing components also increases dramatically
because each clay particle contains hundreds or thousands of layers. As a
consequence, a wide range of engineering properties can be significantly
improved with a low level of filler loading, typically less than 5 wt%. At such
a low loading level, polymers such as nylon-6 show an increase in Young’s
modulus of 103%, in tensile strength of 49%, and in heat distortion
temperature of 146%’. Other improved physical and engineering properties

- R . .. 130-
127129 " and ion conductivity 0

include fire retardancy'”>'*6, barrier resistance
Bl Other method to produce nanocomposites includes doing the
polymerization of monomers inside the clay layers. Here efficient distribution
of polymers occurs within the layers. Another advantage of clay/polymer
nanocomposites is that the optical properties of the polymer are not
significantly affected. The thickness of individual clay layers is much smaller
than the wavelength of visible light so that well exfoliated clay/polymer
nanocomposites should be optically clear. The images of micro-and
nanocomposites shown in figure were produced using the same clay and
polypropylene mixture and applying a rapid cooling process to minimize the

crystallization effect. The conventional microcomposites appear brown and

opaque, while the nanocomposites are almost transparent.

It is clear from this evidence that clay/polymer nanocomposites arc a
good demonstration of nanotechnology. By tailoring the clay structure in

polymers on the nanometer scale, novel material properties have been found.
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Another interest in developing clay/polymer nanocomposites is that the
technology can be applied immediately for commercial applications. The first
commercial application of these materials was the use of clay/nylon-6
panocomposites as timing belt covers for Toyota cars, in collaboration with
Ube in 1991'*%. Shortly after this, Unitika introduced nylon-6 nanocomposites
for engine covers on Mitsubishi’s GDI enginesm. In August 2001, General
Motors and Basell announced the application of clay/polyolefin
nanocomposites as a step assistant component for GMC Safari and Chevrolet

133 This was followed by the application of these nanocomposites in

Astro vans
the doors of Chevrolet Impalas. More recently, Noble Polymers has developed
clay/polypropylene nanocomposites for structural seat backs in the Honda
Acura', while Ube is developing clay/nylon-12 nanocomposites for

automotive fuel lines and fuel system components.

The era of clay/polymer nanotechnology can truly be said to have
begun with Toyota’s work on the exfoliation of clay in nylon-6 in the latter
part of the 1980s and the beginning of the 1990s'*>'*’_ It was this work that
demonstrated a significant improvement in a wide range of engineering
properties by reinforcing polymers with clay on the nanometer scale'*®13°,
Since then, extensive research in this field has been carried out globally. At
present, development has been widened into almost every engineering polymer
including polypropylene (PP), polyethylene, polystyrene, polyvinylchloride,
acrylonitrile butadiene styrene (ABS) polymer, polymethylmethacrylate, PET,
ethylene-vinyl acetate copolymer (EVA), polyacrylonitrile, polycarbonate,

Polyaniline, polyethylene oxide (PEO), epoxy resin, polyimide, polylactide,
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polycaprolactone, phenolic resin, poly p-phenylene vinylene, polypyrrole,

rubber, starch, polyurethane, and polyvinylpyridine (PVP)'40-161

Several methods have been developed to produce clay/polymer
nanocomposites. Three methods were developed in the early stages of this field
and have been applied widely. These are: in situ polymerization, solution
induced intercalation'®’, and melt processing'®. In situ polymerization
involves inserting a polymer precursor between clay layers and then expanding
and dispersing the clay layers into the matrix by polymerization. The initial
work 1n this area was carried out by the Toyota Research Group to produce
clay/nylon-6 nanocomposites' **'®*. This method is capable of producing well-
exfoliated nanocomposites and has been applied to a wide range of polymer
systems. The technology is suitable for raw polymer manufacturers to produce
clay/polymer nanocomposites in polymer synthetic processes and is also
particularly useful for thermosetting polymers. The solution-induced
intercalation method applies solvents to swell and disperse clays into a
polymer solutton. This approach poses difficulties for the commercial
production of nanocomposites for most engineering polymers because of the
high costs of the solvents required and the phase separation of the synthesized
products from those solvents. There are also health and safety concemns
associated with the application of this technology. However, solution- induced
intercalation is applicable to water-soluble polymers, because of the low cost
of using water as a solvent and its low health and safety risks, and can be used
in the commercial production of nanocomposites. The melt processing method

induces the intercalation of clays and polymers during melt. The efficiency of
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intercalation using this method may not be as high as that of in situ
polymen'zation'“ and often the composites produced contain a partially
exfoliated layered structure. However, the approach can be applied by the
polymer processing industry to produce nanocomposites based on traditional
polymer processing techniques, such as extrusion and injection molding.
Therefore, the technology has played an important role in speeding up the
progress of the commercial production of clay/polymer nanocomposites. In
addition to these three major processing methods, other fabrication techmques
have been also developed. These include solid intercalation'®’, co-
vulcanization'®, and the sol- gel method'®. Some of these methods are in the

early stages of development and have not yet been widely applied.

1.17 OBJECTIVES OF THE PRESENT WORK
The main objective of the present work includes

@ Structural tuning of montmorillonite clays by single as well
as mixed pillaring using polyoxocations of Titanium,
Zirconium, Aluminium and Chromium.

@ Physico-chemical characterization using various techniques
such as CEC measurements, elemental analysis, BET
surface area and pore volume measurements, XRD, FTIR,
YAl NMR, *’Si NMR, UV-DRS, TG/DTA and SEM

analysis to know the improvement upon modification.
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Chapter 2

MATERIALS AND METHODS

Eco-friendly society demands the heterogeneous catalysis, but the main
problem here lies in the selectivity and the efficiency. The demand of
heterogeneous catalysts is in its regenerability and reusability. Thus for
efficient use of the naturally available clays the structural as well as
thermal stability is to be improved, the porosity must be enhanced and
additional acidic sites are required for efficient catalytic activity in acid
catalyzed reactions. The porous nature increases the intercalating
properties for the preparation of nanocomposites. Here the process of
pillaring, which can be monitored using various characterization
techniques, does the art of structural tuning of montmorillonite clays.
This chapter describes the present preparation method and various
experimental techniques used to prove the enhancement in the structural
as well as textural properties upon pillaring. The procedure for gas
phase reactions are given with the detailed description of the analytical

methods adopted.
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2.0 INTRODUCTION

In designing and synthesizing new solid inorganic materials used as
catalysts the aims are to maximize surface area, activity, selectivity, longevity
and durability. Surface area increase as a result of enlarged porosity enhances
the intercalating properties in layered materials. For producing materials with
large surface areas, the surface composition, structure and atomic architecture
of the materials before and after modifications are incontrovertibly
characterized. The optimum preparation conditions in material synthesis have
to be strictly followed to get good results whose variation leads the

modification less effective.
2.1 PREPARATION OF PILLARED CLAYS (PILCS)
Titanium, Zirconium, Aluminium and Chromium single PILCs are

prepared. Mixed PILCs containing 2 metals as the pillars are also prepared to

enhance the properties of single PILCs.

Materials Suppliers

Titanyl Sulphate Travancore Titanium Products,
Trivandrum, 99% purity

Zirconyl oxychloride CDH

Aluminium (HI) nitrate Merck

Chromium (I11) nitrate CDH
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Liquid Ammonia Qualigens
Nitric Acid Merck

Sodium carbonate Qualigens

Pillaring agent preparation is the first step of propping apart the clay
layers. Ti pillaring agent is the titania sol prepared through colloidal route
where Zr pillaring agent is the freshly prepared zirconyl oxychloride solution.

Al and Cr pillaring agents are prepared using partial hydrolysis method.

The various steps during pillaring are
» Preparation of pillaring solution
» Intercalation of metal polyoxocations between the layers

» Washing of the reaction mixture

» Drying and Calcination

Prior to pillaring KSF is treated with 0.5 M sodium nitrate (Sd Fine
Chemicals Ltd.) solution at 70°C for 24 h, then filtered, made nitrate free by
washing and is dried at 110°C to get the Na'-exchanged montmorillonite. The
pillaring solution is then added to the previously swelled Na'-exchanged
montmorillonite clay with a metal to clay ratio of 10 mmol/g. The solution is
stirred at 70°C for 24 h, kept overnight, filtered, washed free of nitrate/chloride
ions, dried at 110°C and calcined at 500°C for 5 h to get pillared

montmorillonite.
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For mixed pillared systems 5 mmol of each pillaring solution is mixed

to give a total of 10mmol metal/g clay.

For Al pillaring partiatly hydrolyzed aluminium nitrate solution (0.2 M)
prepared at 70°C is used. Partial hydrolysis is done by drop wise addition of
0.3 M sodium carbonate solution with a base to metal ratio of 2 under vigorous
stirring for 2 h at 70°C and is again stirred at the same temperature for 6 h. 0.2
M solution of Chromium nitrate was partially hydrolyzed by drop wise
addition of 0.3 M sodium carbonate solution with a base to metal ratio of 2
under vigorous stirring for 2 h at 95°C and is again stirred at the same
temperature for 6 h. Freshly prepared zirconiumoxychloride is used for Zr
pillaring. Ti pillaring agent is prepared using the method reported by
Sivakumar et al'. Titanyl sulphate is used as precursor for the synthesis of
titania sol. In a typical experiment, titanyl sulphate is dissolved in 500 ml of
distilled water (0.2 M) and is hydrolyzed by slow addition of ammonium
hydroxide (10%) solution under constant stirring at room temperature, until the
reaction mixture attained pH 7.5. The precipitate obtained is separated by
filtration and is washed free of sulphate ions with distilled water. The
precipitate is further dispersed in 1000 ml of hot distilled water and is peptized
by addition of 10% HNO; solution to get titania sol which is the pillaring
agent. All systems are calcined at 500°C for 5 h.
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2.2 NOTATION OF CATALYSTS

XM is the notation used for single PILCs, where X is the first letter in
the chemical formula of the pillar metal and M represents montmorillonite
clay. XYM designates mixed PILCs, X and Y are the first letter in the
chemical formula of the various metal pillars. In NM, N represents the

exchanged Na" cations.

The different systems are notated as

M Montmorillonite

™ Titanium pillared Montmorillonite

™ Zirconium pillared Montmorillonite

AM Aluminium pillared Montmorillonite

CM Chromium pillared Montmorillonite

TZM Titanium - Zirconium mixed pillared Montmoniilonite
TAM Titanium -Aluminium mixed pillared Montmorillonite
TCM Titanium - Chromium mixed pillared Montmorilionite
AZM Aluminium - Zircontum mixed pillared Montmorillonite
ACM Aluminium - Chromium mixed pillared Montmorillonite
ZCM Zirconium - Chromium mixed pillared Montmorillonite
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2.3 CHARACTERIZATION TECHNIQUES

various analytical techniques provide information about the designing of clay
matrix for enhanced catalytic as well as intercalation properties. A brief
description of various spectroscopic, quantitative as well as thermal analysis
techniques adopted, principles and experimental aspects are given here. Except

for thermal studies the systems are activated at S00°C for 2 h before subjecting

to analysis.

Materials Suppliers
Ammonium acetate Merck
Ethyt alcohol Merck
Sodium hydroxide Qualigens
Hydrochloric acid Qualigens
Sulphuric acid Qualigens
Hydrofluric acid Merck
Liquid nitrogen Sterling Gases
Potassium bromide Qualigens
Magnesium oxide Merck

2.3.1 CATION EXCHANGE CAPACITY (CEC) MEASUREMENTS

Base exchange refers to the capacity of colloid particles to change the

cations adsorbed on the surfaces. By cation exchange the permeability of clay
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can be decreased and the sensitivity can be increased. The clay minerals have
the property of sorbing certain anions and cations and retaining them in an
exchangeable state. The exchangeable ions are held around outside of the silica

alumina clay — mineral structural unit.

Compositional variation through ionic or isomorphous substitution
within the clay mineral crystal lattice can leave the structural unit with a net
negative charge. Substitution also reduces the crystal size and alters its shape.
Exposed hydroxyl groups and broken surface bonds can also lead to a net
negative charge on the structural unit. The presence of this net negative charge
means that soluble cations can be attracted or adsorbed on to the surface of the
clay mineral structural units without altering the basic structure of the clay
mineral. The ability of clay to hold cations is termed as its cation exchange

capacity. The most common soluble cations are Na*, K*, Ca®*, and Mg**.

Pillaring polyoxocations enters the matrix by ion exchange with the
exchangeable cations and remains as non-ion exchangeable metal oxide pillars
after thermal treatment. Thus decrease in CEC is a measure of increase in the

extent of pillaring.

The CEC is determined by stirring the sample with 3 M ammonium
acetate (P = 7) solution. The mixture (1 g clay/60 ml solution) is stirred using
a magnetic stirrer for 8 h at room temperature and then filtered. The resulting
solid is washed with isopropyl alcohol and dried at 110°C for 4 h before use,
and treated with 60% w/w NaOH in a Kjeldahl flask. The ammonia released is
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‘collected in a 0.025 M HCI solution, and titrated with 0.025 M NaOH

solutionz.

2.3.2 ELEMENTAL ANALYSIS —- INDUCTIVELY COUPLED PLASMA
— ATOMIC EMISSION SPECTROSCOPY

The elemental analyses of the PILC matertals are done using
inductively coupled plasma — atomic emission spectrometer. The advantage of
ICP — AES analysis lies in its greater sensitivity and the possibility of multi
element analysis. The multi element analysis offers a tremendous saving in
analysis time. When heated to temperatures above 6000°C, gases such as
argon form plasma — that is a gas containing a high proportion of electrons and
ions. The plasma may be produced by an EC arc discharge or by inductive

heating in an inductively coupled plasma (ICP) torch.

Discharge of a high voltage from a Tesla coil through flowing argon
will provide free electrons, which will ‘ignite’ the gas to plasma. If the
conducting plasma is enclosed in a high frequency electromagnetic field, then
it will accelerate the ions and electrons and cause collisions with the support
gas, argon, and the analyte. The temperature rises to around 10,000°C. At such
temperatures, energy transfer is efficient and the plasma becomes self
sustaining. It is held in place by magnetic field in the form of a fireball. The
same aerosol enters the fireball at high speed and is pushed through it,
becoming heated and emerging as a plumb, which contains the sample

elements as atoms or ions, free of molecular association. As they cool to
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around 6000 — 7000°C, they relax to their ground state and emit their
characteristic spectral lines. This technique is ICP — Atomic emission

spectroscopy (ICP — AES).

With ICP — AES there 1s little interference with ionization, since there
is an excess of electrons present. The high temperature ensures that there is
less interference from molecular species or from the matrix. Since a large
number of elemental emission lines are excited, line overlap, though rare, may
occur. By this technique up to 70 elements, both metals and non metals can be

determined.

Clay samples for analysis are prepared after removing silica, which is
estimated. A known weight (W) of the sample is taken in a beaker, treated
with concentrated sulphuric acid (95%, 30 ml) and is heated until SO; fumes
are evolved. It is cooled, diluted with water and filtered with ash less filter
paper. Filtrate is collected; the residue is heated in a platinum crucible and is
weighed (W,). To the weighed high temperature treated sample 40% HF 1s
added in drops, warmed and strongly heated to dryness. This is repeated 5-6
times, until no fumes of H;SiF¢ are evolved. It is again incinerated to 800°C
for 1 h, cooled and weighed (W3). From the loss in weight the amount of silica
present can be estimated using the equation

% Si0; = (W3-W3) x 100/W,
Filtrate is diluted to a known volume and a small portion is taken for
quantitative ICP — AES analysis. Analysis is done using ‘GBC’ Plasmalab
8440M instrument.
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2.3.3 X-RAY DIFFRACTION (XRD) ANALYSIS

X-ray diffraction is an extremely important technique in the field of
material characterization to obtain information on an atomic scale form both
crystalline and non crystalline (amorphous) materials. XRD is also applied to
derive information on the fine structure of materials — crystallite size, lattice
strain, chemical composition, state of ordering etc. In a material an infinite
number of lattice planes with different miller indices exist and each set of
plane will have a particular separation dnx. In clays the interlayer spacing is of
the dyo0 plane’. From Braggs equation,

nA = 2dsin@

d0 spacing is determined which is a measure of the extent of pillaring.

In powder XRD, there will be all possible orientation of the crystal.
Each lattice spacing will give rise to a cone of diffraction. Each cone consists
of a set of closely spaced data each one of which represents a diffraction form
a single crystallite within the powder sample. Detector used in powder XRD is
sensitive to X-rays. Scanning of the detector around the sample along the
circumference of a circle cuts through the diffraction cones at various
diffraction maxima. The intensity of X-rays detected as a function of detector

angle 20 is obtained.

The X-ray diffraction pattern of the powdered clays are obtained using
a Rigaku D MAX 111 VC Ni-filtered Cu K alpha radiation (A = 1.5404 A at a

scan rate of 4°/min).
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2.3.4 SURFACE AREA AND PORE VOLUME MEASUREMENTS

Brunauer, Emmett and Teller developed the most common method of
measuring surface area’. Early descriptions and evaluations are given by
Emmett. In essence, the Langmuir adsorption isotherm is extended to
multiplayer adsorption. The heat of adsorption of all layers except the 1% layer
is assumed to be equal to the heat of liquefaction of the adsorbed gas.
Summation over an infinite number of adsorbed layers gives the final

expression as follows
P/V(Po-P) = 1/V,C + (C-1)P/V,,CPy

Where V = volume of gas adsorbed at pressure P,
Vm = volume of gas adsorbed in monolayer, same unit as V
P, = saturation pressure of adsorbate gas at the experimental temperature
C = a constant related exponentially to the heats of adsorption and hquefaction
of gas
C = ol@t-aLRT
where q; = heat of adsorption on the first layer
q. = heat of liquefaction of adsorbed gas on all other layers
R = the gas constant.
A graph of P/V(Py-P) Vs P/Py gives a straight line, the slope and intercept of

which can be used to evaluate V, and C.
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Many adsorption data show very good agreement with the BET
equation over values of the relative pressure P/Po between approximately 0.05
and 0.3 and this range is usually used for surface area measurements. The
surface area of the catalyst can be calculated from Vy, if the average area
occupied by an adsorbed molecule is known.

S.A =V NoA,/ 22414W

Where Ny is the Avogadro number, Ay, is the molecular cross sectional
area of adsorbate and W is the weight of the sample. Adsorption of N, gas at
its boiling point is generally used for surface area measurements using BET
method. However, in microporous solids like PILCs where the interlamellar
distance is of the order of a few molecular diameters, monolayer formation on
clay silicate layer occurs. Thus surface areas approximated by Langmuir

. . 5
equation are reasonable representations of PILC surface areas’.

The microporous surface area of the samples was calculated by the t-
plot®’. In this method, the adsorbed N, volume is plotted against statistical
thickness (t) of adsorbed N, layer to yield micropore volume on the basis of

V = Vpiero +107™ St
Where Vo is the volume of N, adsorbed in micropores and Sy is the external
surface area. A universal t-curve of N3 has been established which gives,
t = [13.99/ (0.034 — log(P/Py))]"*
where t is in A. If the plot of V versus t gives a straight line passing through
the origin, the test solid is considered to be free of micropores. For a
microporous test solid, the t-plot shows a straight line at high t and a concave-

down curve at low t; the extrapolation of the upper linear line to t = 0 gives a
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slop of Sg and an intercept of Vy,. The difference between the BET surface area
and the external surface area gives internal surface area, i.e., the surface area
from pores. Mesopore volume is obtained by subtracting micropore volume
from the total pore volume. The mean pore width is obtained from the relation

dm = 2V/A, where V is the pore volume and A is the internal surface area’.

The simultaneous determination of surface area and pore volumes of
the catalyst samples was done on a micrometrics Gemini 2360 surface area
analyzer. Previously activated samples were degassed at 300°C under N,

atmosphere for 3 h and then brought to N boiling point.

2.3.5 FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPIC
ANALYSIS

Infrared spectroscopy is a rapid, econornical and non destructive
physical method universally applicable to structural analysis. The technique is
so versatile that it can be used both as a source of the physical parameters of
crystal lattice determination and as a means of eliciting purely empirical
quantitative relationships between specimens. It is an intrinsically simple
technique that deserves to be more widely used in clay mineralogy and soil

science.

The absorption of infrared radiation by clay minerals depends critically
on atomic mass and length, strength and force constants of inter-atomic bonds

in the structures of these minerals. It is also controlled by the constraints of the
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pverall symmetry of the unit cell, and the focal site symmetry of each atom
i?;within the unit cell. The total number of potentially active internal vibrations is
given by 3n-6, where n is the number of atoms in the unit cell. Not all of these
yibrations are active in the infrared, only those that undergo a change in dipole

moment during the absorption process.

The non-dispersive FTIR spectrometers, the detector continuously
monitors the full wave number range of radiation emitted by the IR source,
providing an inherently more sensitive system. Fourier transform instruments
use interferometers, and they require a dedicated computer to transform their
out put — an interferogram — into an absorption spectrum. FTIR spectrometers
may be either single beam, in which the sample spectrum must be ratioed
against a background, or double beam, in which ratioing against background is

carnied out continuously.

FTIR spectra of the powdered samples are measured by the KBr disk
method over the range 4000 — 400 cm™' using ABB BOMEM MB SERIES.

2.3.6 NMR SPECTRAL ANALYSIS

NMR spectroscopy is based on the absorption of energy in the radio
frequency region of the electromagnetic spectrum by the nuclei of these
elements that have spin angular momentum and a magnetic moment. For the
nuclei of a particular element, characteristic absorption, or resonance

frequencies, and other spectral features provide useful information on identity®.
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Nuclei of elements that possess spin angular momentum and generate a
magnetic moment are assigned a half-integral or integral spin quantum
number. This determines the number of orientations in space that can be
adopted by the spinning of nuclei when subjected to an external magnetic field.
Electrons also possess spin angular momentum, which generates a magnetic

moment that affects the magnitude of the external field experienced by nuclei.

Nuclei of a particular element that are in different chemical
environments within the same molecule generally experience slightly different
applied magnetic field strength due to the shielding and deshielding effects of
near by electrons. As a result, their resonance frequencies differ, and each is
defined by a characteristic chemical shift value. The ”’ Al NMR and #’Si NMR
gives the different environments of Al and Si present in parent as well as PILC

systems.

NMR spectrometers comprise a superconducting solenoid or
electromagnet to provide a powerful, stable and homogeneous magnetic field,
a transmitter to generate the appropriate radiofrequencies, and a receiver coil
and circuitry to monitor the detector signal. A dedicated microcomputer

controls the recording of spectra and processing of data.

Solid NMR studies of materials are usually carried out by “Magic
Angle Spinning (MAS)” i.e. rapid rotation of the sample about an axis
subtended at an angle 54°44” with respect to magnetic field. This technique

removes line broadening from dipolar interactions, chemical shift anisotropy
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and quadrapolar interactions to the first order since all interactions contain the
angular term (3c0329 - 1) which is zero for 0 = 54°44’. The number of signals
in solid state NMR spectrum gives the number of different structural
environment of observed nucleus in the sample while relative signal intensities
correspond to relative occupancies of different environments’. High resolution
solid state NMR provides information about bonding situation, symmetry

properties and dynamic behavior of solid state structures.

27Al NMR gives signals for octahedral Al at 0 ppm and tetrahedral Al
at around 60 ppm. The tetrahedral Al in montmorillonite arises from pillaring
species as well as leaching of octahedral Al into interlamellar sites during Na'

ion exchange and pillaring.

In #°Si NMR the resonance at —93.9 ppm is attributed to T (3Si, 1Al)
units representing Si(IV) atoms linked through oxygens to three other Si(IV)
and one AI(VI) (or Mg) in the clay octahedral layer. The second resonance

near —112.5 ppm is attributed to SiO; impurities present in the parent clay.

Solid-state NMR experiments were carried out over a Brucker DSX-300
spectrometer at resonance frequencies of 78.19 MHz for Al and 59.63 MHz
for Si. XWINNMR software operating in a Unix environment in a silicon
graphic computer was employed to acquire and retrieve the data. For all the
experiments a standard 4 mm double- bearing Brucker MAS probe was used.

The chemical shifts were referred to external standards, viz. tetramethylsilane
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(TMS) for 296 studies at 0 ppm. 0.1 M aluminium nitrate solution was used as

the external standard in the case of 2’Al.

2.3.7 UV-VIS DIFFUSED REFLECTANCE SPECTROSCOPY

Diffuse reflectance UV-visible spectroscopy ts a useful probe of the
electronic structure of dispersed metal oxides. A number of studies have shown
that in situ UV- visible spectroscopy can probe the extent of reduction under

steady state catalysis.

UV-VIS DRS spectra were taken in the range 200-800 nm on an Ocean
Optics, Inc. SD 2000, Fiber Optic Spectrometer with a charged coupled device
detector. The spectra were recorded at room temperature using MgO as a

reference.

2.3.8 THERMAL ANALYSIS

The thermal stability of materials can be easily evaluated using thermal
analysis 1.e. simply by heating of the material and observe the changes that
occur. While some analytical methods, such as spectrometry, give results that
are very specific for the particular sample, thermal methods will respond to the
totality of the effects. Anything that changes the mass at a particular
temperature:  evaporation, reaction or oxidation will affect the

thermogravimetric measurement.
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2.3.8.1 THERMOGRAVINETRY (TG)

In thermogravimetry the sample is heated, only that changes the mass
of the sample will affect the measurement. The rate of change of mass, dm/dt

depends on the amount of sample present and the reaction rate constant at the

experimental temperature.

Thermal analysis finds widest applications in the determination of
different parameters on preparation of materials, nature and composition of
catalytically active phase, effect of added promoters or presence of impurities
on the catalyst, dispersion of active phase and active phase support
interactions, nature and heterogeneity of active sites on catalyst surface, nature
of different bound states of adsorbates on catalyst surface, mechanistic aspects
of the reaction under investigation, transient chemical changes that occur on
surface, catalyst deactivation and regeneration. The technique can also be used
for quality control and catalyst characterization through finger print spectra of

different batches of the same catalyst.

A crucible containing the sample is heated in a furnace at a controlled
rate and weighed continuously on a balance. Temperature and mass data are
collected and preceded by a computer dedicated to the system. Control of the

atmosphere surrounding the sample is important.

In more difficult cases, the reactions may overlap and then it is difficult

to assess the separate temperature ranges and mass losses. An aid to this is the
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derivative thermogravimetric (DTG) curves. This is produced electronically
from TG trace by the computer and represents the dm/dt or occasionally the

dm/dT, as a function of time or temperature.

TG analysis of the dried samples are performed in a Perkin Eimer Pyris
Diamond thermogravimetric/differential thermal analyzer by heating the

sample at a rate of 20°C min™' from room temperature to 800°C in Nj.
2.3.8.2 DIFFERENTIAL THERMAL (DTA) ANALYSIS

This method relate to the monitoring of the heat absorbed or evolved
during the heating of the sample and a reference in equivaient environments.
Here the temperature difference is monitored. The measurement unit has a
matched pair of temperature sensors placed in or near the sample and reference

pans and heated in a temperature controlled furnace.

Physical changes that are not associated with weight loss are not
detectable in TG, but give DTA signals. DTA gives signals corresponding to
weight changes also. Heat capacity, which relates to the quantity of heat
required to raise the sample temperature by one Kelvin is studied by DTA and
physical changes such as melting and vaporization as well as crystal structure
changes give peaks and some may be used to calibrate the system.
Decompositions, oxidations or other reactions that may be endothermic or

exothermic are also detected.
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DTA is used to study pure chemicals, mixtures such as clay minerals
and coal, biological samples, pharmaceuticals and especially polymers and
materials. DTA of the dried samples are performed in a Perkin Elmer Pyris
Diamend thermogravimetric/differential thermal analyzer by heating the

sample at a rate of 20°C min”' from room temperature to 800°C in N».
2.3.9 SCANNING ELECTRON MICROSCOPIC (SEM) ANALYSIS

Scanning electron microscopy has been used particularly for
examination of the topology of catalyst surfaces and morphology of particles
and crystals. Scanning electron microscopy examines the structure by
bombarding the specimen with a scanning beam of electrons and then
collecting slow moving secondary electrons that the specimen generates. These
are collected, amplified and displayed on a cathode ray tube. The electron
beam and the cathode ray tube scan synchronously so that an image of the
specimen surface is formed. The samples are coated within a thin film of gold
to make it conducting to prevent surface charging and to protect the material

from thermal damage by electron beam'®.

The SEM images are taken in a JSM - 840 A, Scanning electron

microscope, JEOL — Japan.
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2.4 MEASUREMENT OF ACIDITY

Solid acid catalysis involves the largest amounts of catalysts used and
the largest economical effort in the oil refining and chemical industry. Acid
catalysts have the attractiveness that the nature of active sites are known and its
behavior in acid catalyzed reactions can be rationalized by means of existing
theories and models. Thus the surface acidity determination plays an important

role in catalyst characterization''.

The exact value of acid sites in catalysts cannot be determined directly
as in solution. Also for any solid acid, a range of sites of different strengths
exists. Thus it is not possible to know the exact acidity of each site. Hence,
domains of acid strengths and number of sites belonging to the domain only

can be defined.

Various methods have been used to find out the nature, strength and

concentration of acid centers on the surface.
Materials used for surface acidity measurements are
Materials Suppliers
Sulphuric acid Merck

Sodium hydroxide Qualigens
Oxalic acid Merck
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Phenolphtalein CDH
Cumene Aldrich
Cyclohexanol Merck

The two independent techniques used to have a thorough knowledge of
surface acidity are
1. Temperature programmed desorption of ammonia (TPDA)
2. FTIR of pyridine adsorbed samples
3. Test reactions for characterization of acid-base nature
a) Cumene cracking reactions

b) Cyclohexanol decomposition studies.

24.1 TEMPERATURE PROGRAMMED DESORPTION (TPD) OF
AMMONIA

Temperature programmed desorption was first introduced by
Amenomiya and Cvetanovic'> which is a modification of flash desorption
technique. It is, much simpler as it does not require any high vacuum
conditions for the sample. Temperature programmed desorption of ammonia
(TPDA) is widely used for the direct determination of cumulative acidity and
acid site distribution. Ammonia, the important prob molecule used, can titrate
acid sites of any strength and is easily accessible to even micropores due to its
small size. NH; chemisorbs on a surface having acidic protons, electron
acceptor sites and hydrogen from weakly acidic hydroxyls and thus can detect

most types of acid sites'.
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The total acid site density of each of the catalyst is measured by TPDA
(TPD of NH3) using in a conventional flow-type apparatus at a heating rate of

20°C min™' and in a nitrogen atmosphere'*.

The palletized samples are housed in a quartz reactor and pre heated in
a flow of N, while heating at 20°C/min up to 300°C. After a period of 30 min
at this temperature the sample is cooled to 40°C and NHj is injected and is
saturated for 30 min. The catalyst is then allowed to equilibrate in a N, flow at
room temperature for 30 min to remove any physisorbed one. The NHj is then
desorbed using a linear heating rate of 20°C/min up to 600°C. The desorbed
NH; is passed through 100 ml H;SO4 (0.0125) solution, to neutralize the
evolved NHj3 at a temperature interval of 100°C. The excess H,SO4 is back
titrated with NaOH (0.0125) for quantitative determination using
phenolphthalein indicator. The amount desorbed at 35 - 200°C, 200 - 400°C
and 400 - 600°C are assigned as weak, medium and strong acid sites

respectively.
2.4.2 FTIR OF PYRIDINE ADSORBED SAMPLES

Infrared (IR) and Raman spectroscopy have been used to determine
acidity of solid catalysts by studying adsorbed probe molecules™'®. The IR
spectroscopy ts a very powerful technique since it allows one to look directly
at the hydroxyls present on a solid acid catalyst and consequently to see which

of them can interact with basic molecules and therefore to find out which
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;E‘l',;esents Brensted acidity and which of them are, or are not, accessible to base
‘molecules of different sizes. In principle, the concentration of hydroxyl groups,
and therefore the concentration of potential Brensted acid sites, could be
obtained from the intensity of the corresponding IR band. However, for
quantitative estimation the extinction coefficients of the different types of

hydroxyls contributing the IR band are required, something which is very

seldom possible.

Attempts have been made to measure the surface concentration of
different hydroxyl groups on the basis of the assignment of O-H stretching

17-20 with limited success in most of

frequencies to specific types of hydroxyls,
the cases. Then, it is not surprising that most of the information on acidity of
solid catalysts obtained by IR comes from spectroscopic studies of adsorbed
molecules. From this point of view two main groups of probe molecules have
been used. The first one involves the adsorption of relatively strong basic
molecules such as pyridine, substituted pyridines, quinoline, and diazines.
Among them, 1,2- and 1-C diazines are less basic than pyridines and are more
appropriate for the selective detection of very strong acid sites and for the semi
quantitative measurement of Lewis and Brensted acid sites, but they are in
general less informative than pyridine. The pioneering works of Parry, Basila

et al., and Hughes and White*' >

showed that the pyridine molecule is abie to
simultaneously determine the concentration of Brensted and Lewis acid sites.
Moreover, when IR is combined with thermal desorption, it can provide
estimation of acid strength distribution. The characteristic bands of pyridine

protonated by Bronsted acid sites (pyridinium ions) appear at 1540 and 1640
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cm’, while the bands from pyridine coordinated to Lewis acid sites appear at
1450 and 1620 cm’. Then, by measuring the intensity of those it is possible to

calculate the number of Brensted and Lewis acid sites.

Pyridine and NH3 have been widely used as probe molecules, because
they are quite stable and the IR spectroscopy can differentiate and quantify the

amounts adsorbed on Brensted and Lewis sites.

IR spectra of the different clays are taken after adsorbing pyridine.
Samples are kept in a desicator containing pyridine where temperature is kept
at 150°C for 3 h and is then cooled to room temperature and kept for 72 h.
Then the samples are taken out, excess and physisorbed pyridine is degassed

and is analysed using ABB BOMEM (MB Series) FTIR spectrometer.
2.43 TEST REACTIONS FOR ACID - BASE PROPERTIES
2.4.3.1 CUMENE CRACKING REACTIONS

Cumene cracking reaction is performed to know the catalytic activity
and acid site distribution. Cumene is a convenient model compound for such
catalytic studies, because it undergoes different reactions over different types
of active sites. The cracking of cumene, producing benzene and propene, is
generally attributed to the action of Brensted acid sites, following a carbonium
ion mechanism and it is commonly used as a model reaction for characterizing

the presence of this type of site on catalyst surface. The formation of a-methyl
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f:styrene during cumene cracking, due to dehydrogenation, has been ascribed to
Lewis acidity’*®. Thus the present study allows the comparison of the

distnbution of both Brensted as well as Lewis acid sites of the catalysts

prepared.

2.4.3.2 CYCLOHEXANOL DECOMPOSITION REACTIONS

Alcohol decomposition reaction has been widely studied because it is a
simple model reaction to determine the functionality of an oxide catalyst.
Decomposition of isopropanol and that of cyclohexanol are the most widely
studied reactions in this category. Dehydration activity is linked to the acidic
property and dehydrogenation activity to the combined effects of both acidic
and basic properties of the catalyst. Studies on cyclohexano! decomposition on
spinel oxide have been reported”®. Bezouha-nova and Al-Zihari’’, have
recommended the dehydration activity of cyclohexanol conversion as a simple
test to measure the Brensted acid sites in a metal oxide. We are doing
cyclohexanol decomposition reactions over various catalyst systems. In
addition to measure the relative acidic sites it allows us to know whether there

is any basic site present which makes clays as a bifunctional catalyst.
2.5 EXPERIMENTAL PROCEDURE FOR GAS PHASE REACTIONS
The catalyst was activated at S00°C for 2 hours before subjecting to the

reaction. Reaction is carried out at atmospheric pressure in a fixed bed,

vertical, down- flow glass reactor placed inside a double-zone furnace. Exactly
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0.5 g of the sample is sandwiched between the layers of inert silica beads. A
thermocouple detector monitors the temperature of the catalyst. The reactant is
fed into the reactor by means of a syringe pump (Cole palmer®) at required
WHSYV, molar ratio (arene/alkylating agent in the case of Friedel-Crafts
alkylation reactions) and temperature under a constant flow of nitrogen. The
products and the unreacted reactant are condensed by means of a water
condenser, collected in an ice trap and liquid samples are subjected to Gas
Chromatographic analysis using Chemito GC 1000 gas chromatograph with
BP1 capillary column connected to a FID detector. The reactant (alkylating
agent in Friedel-Crafts alkylation reactions since we are using excess arene in
all cases) conversion {weight percentage) and product selectivity (%) are
noted. Initial activity is taken as the activity at 2" hour. This is done to ensure
the attainment of a steady state for the reaction over the catalysts and also to
compensate effect of temperature fluctuations, if any due to the starting of the

reaction.
2.6 GAS CHROMATOGRAPHY

Gas chromatography is a technique for the separation of volatile
components of mixtures by differential migration through a column containing
a liquid or solid stationary phase. Solutes are transported through the column

by a gaseous mobile phase and are detected as they are eluted.

The mobile phase is an inert gas, generally nitrogen or helium, supplied

from a cylinder via pressure and flow controls, and passing through
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puriﬁcation cartridges before entering the column. Gaseous, liquid and solid
samples are introduced into the flowing mobile phase at the top of the column
through an injection port using a micro syringe, valve or other device.
Columns are either long, narrow capillary tubes with the stationary phase
coated onto the inside wall, or shorter, larger diameter tubes packed with a
particulate stationary phase. Stationary phases are high boiling liquids, waxes
or solid sorbents. The column is enclosed in a thermostatically controlled oven
that is maintained at a steady temperature or programmed to increase
progressively during a separation. Solutes are detected in the mobile phase as
they are eluted from the end of the column. The detector generates an electric
signal that can be amplified and presented in the form of a chromatogram of

solute concentration as a function of time.

A dedicated microcomputer is an integral part of a modem gas
chromatograph. Software packages facilitate the control and monitoring of

instrumental parameters and the display and processing of data.

Doing GC, unknown solutes can be identified by companson of
retention times, spiking samples with known substances, or using retention
indices. Quantitative information is obtained from peak area measurements and
calibration graphs using internal or external standards, or by standard addition
or internal normalization. The analyses of the products whose standards are not
available are done using a Shimadzu QP 2010- GCMS with 30 m universal
capillary column of cross linked 5% phenylmethylsilicon. The MS detector

voltage was 1KV. The m/z values and relative intensity (%) are indicated for
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the significant peaks (Column temperature: 50 - 260°C and heating rate was

10°C/min, injector temperature: 240°C and detector temperature: 290°C).

Gas Chromatographic analysis is done using Chemito GC 1000 gas
chromatograph with BP1 capillary column connected to a FID detector. The

details of the analysis are given in table 2.6.1.

Table 2.6.1 Analysis condittons of various catalytic reactions

Catalytic Analysis conditions
reaction Temperature Injector Detector
programme* °C) °O)
Cumene 60°C-8-20°C- 200 200
cracking 200°C-2
Cyclohexanol 60°C- 5-20°C- 200 200
decomposition 230°C-2
Benzene 60°C-5-10°C- 220 220
isopropylation 250°C-2
Toluene 60°C-5-10°C- 230 230
isopropylation 250°C-2
Benzene 60°C-4-20°C- 230 230
ethylation 220°C-2
Toluene 60°C-3-10°C- 230 230
methylation 230°C-2
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Linear Alkyl 110°C-3-10°C- 250 250

Benzene 275°C-5

synthesis

*faital icmperaturc-duration in minutcs-ratc of increasc-final iemperature-duration n minutes
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Chapter 3

PHYSICO - CHEMICAL
CHARACTERIZATION: STRUCTURAL AND
TEXTURAL MODIFICATIONS

In recent years a considerable interest has been focused on heterogeneous
catalysis of organic reactions by montmorillonite clays, a member of
dioctahedral smectite group, which are new classes of eco-friendly shape
selective solid acid catalysts. Increase in the intercalating properties increases
the accessibility of host molecules with in the matrix and is attained as a result
of increase in the interlayer distance by pillaring with metal polyoxocations.
This will give better shape selectivity in catalysis and one-dimensional
nanoscale structural formation in clay/polymer composites. The catalytic
conversion and selectivity is regulated by controlling the structural as well as
textural properties to the required level where characterization methods
becomes important. Knowledge about the increase in interlayer distance is
needed to know the efficiency of nanocomposite formation where an organic
species is inserted between inorganic clay layers. Present chapter discuses the

detailed characterization of the prepared pillared clays.
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3.0 INTRODUCTION

In an attempt to improve upon the limited pore size range available to
zeolites, there has been renewed interest in the preparation of novel, two
dimensional, molecular sieve-type matenials based on clays. These materials
are known as pillared interlayer clays or pillared clays (PILCs). The pillar
influences interlayer spacing, whilst the frequency of pillars influences pore
width. Pore dimensions varying from 0.22 to >2 nm can be achieved which are
larger than those for zeolites (0.2 — 0.8 nm). Pillared smectites are generally
prepared by cation exchange of the clay with polynuclear cations large enough
to permanently prop open the clay structure, ]éaving part of the interlayer
region open for adsorption and catalysis. Polynuclear cations suitable for this
purpose are formed upon hydrolysis of a number of metal cations. Present
study uses Ti, Zr, Al and Cr metals as the pillars. The acidity and other
properties of PILC which is prepared by incorporating pillars into clay’s
interlayer space are by no means simple summations of those properties of the
pillar and the original clay material. The influence of pillaring on surface area,
pore volume, interlayer spacing basic clay layer structure, acidity, stability etc

should be investigated in this chapter.

3.1 CEC MEASUREMENTS

The ion — exchange capacity of clay minerals, in particular, smectites,
influence their unique physical properties, such as the cation retention and
diffusion processes of charged and uncharged molecules. These processes

influence cation and molecular migration through clay — rich barriers in nature.
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The numerical value of this property s described by cation exchange capacity
(CEC).

Table 3.1.1 CEC measurements of various systems

Clay CEC Residual CEC

{mmol/g) (%)

M 0.96 89.2

NM 1.02 100.0
™ 0.83 81.5
M 0.28 27.5
AM 0.68 66.7
CM 0.74 72.5
TZM 0.20 19.6
TAM 0.36 353
TCM 0.38 373
AZM 0.32 3t4
ACM 0.54 529
ZCM 0.42 41.2

Upon calcinations of a PILC precursor around 500°C, the dehydration
of the intercalated oxo-hydroxy cations liberate protons. Although most of
these protons stay in the interlayer space, some migrate through hexagonal
cavities formed by the basal SiO; tetrahedra towards the octahedral sheet that

carries the negative charges'. As a result, in the thus prepared PILCs, the CEC
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ijs dramatically lower than that of its precursor. This is in addition to the
reduction in CEC, as a result of the exchange of exchangeable cations by

unexchangable pillar species.

The CEC of NM is greater than the parent montmorillonite M because
during ion exchange process leaching of octahedral Al in the layers occurs
which increases the net negative charge of clay layers. Pillaring is done on the
Na'-exchanged montmorillonite, thus the initial CEC taken is that of NM. On
pillaring the CEC decreases because of the presence of charge compensating
pillar oligomers. The residual CEC of various systems are shown in table 3.1.1.
The percentage cation exchanged during various pillaring process is shown. It
is found that mixed Ti — Zr pillaring solution is most effective in exchanging
the cations. Thus TZM is assumed to have higher surface area, pore volume,
acidity etc, since it props apart the layer and thus exposes active sites, most
effectively. The decreased CEC may be due to the entrance of maximum
amount of total pillar metals at the expense of exchangeable cations. TM is
having the highest CEC among the present pillared systems, which may be due
to the presence of low amount of pillar metal and leaching out of layer

octahedral Al.

The residual CEC of various PILC systems follows the order NM> M>
T™M> CM> AM> ACM> ZCM> TCM> TAM> AZM> ZM> TZM. Both Cr
and Al pillaring is assumed to be less effective in pillaring process as evident
from their high residual CEC values. All mixed pillared systems shows good

exchangeable capacity and is found to be an effective way for pillaring when
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compared to single metal pillaring. The presence of residual CEC implies that
the PILCs can further exchange cations with other cations or with any similar
species. Poncelef et al measured restdual CEC of Al, Zr and mixed Al-Zr
pillared species and 16-35% of original CEC is retained. Present study follows
the same trend except that for single alumina pillared species. Same authors
found that residual CEC of Al PILCs lies between 43-82% of original CEC
and the CEC of AM lies in this range. Zr single as well as Zr and Ti mixed
pillared systems are found to be effective in pillaring process from their low

CEC values.
3.2 ELEMENTAL ANALYSIS (ICP-AES)

Elemental analysis is done using ICP-AES after the quantitative
separation of SiO, The data shown in table 3.2.1 gives the amount of pillar
metal present and thus the extent of pillaring and as well as the amount of
cations present after pillaring which is related to the residual CEC. In the table
X represents the firtst pillar metal for e.g., Ti in the case of TZM where Y

represents the second pillar metal 1.e., Crin ACM, etc.

Na'-exchange replaces a portion of other exchangeable cations present.
Pillaring results in further reduction of these metals as well as Na* ions. Total
pillar metal is found to be highest for Zr containing clays which support their
low residual CEC values showing that pillar metal enters at the expense of

exchangeable cations.
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Table 3.2.1 Elemental analysis data of different clays

Clay Element (%) Si/Al
Na Mg Al Si K Ca Fe Pillar Metal
XM YM PM*

M 218 281 1774 56.47 4.11 501 11.67 - - - 3.18
NM 556 269 1552 5885 380 208 11.50 - - - 379
™ 276 223 1472 5742 247 133 990 897 - 897 390
ZM 131 18 131 5224 114 - 495 2540 - 2540 398
AM 250 221 2369 6l1.16 228 - 8.16 - - 8.17 258
CM 269 274 1432 5408 328 - 836 14.35 - 1435 3.78

TZM 005 144 1080 5025 215 - 747 413 2371 27.84 465
TAM 0.88 186 19.14 5848 342 026 782 313 - 11.63 3.06
TCM - 1.30 1320 56.23 200 043 558 11.74 9.52 2126 426
AZM 365 220 2249 53.00 361 - 471 - 13.02 1747 236
ACM - 1.31 1942 5376 330 127 804 1223 1613 277
ZCM  1.17 139 13.07 51.79 311 083 454 2135 274 2409 396

PM¥ - Total pillar mctal

S¥/Al ratio increases slightly as a result of ion exchange due to leaching

out of Al. The value is very high upon Ti pillaring showing further leaching

due to the acidic nature of pillaring agent used. But the increase is not to a

large extent that can cause structural alterations to the framework of clay. Al
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single and mixed pillaring decreases the value due to the additional

introduction of Al from the pillar.

We tried to correlate the amount of total pillar metal present with that
of (100- residual CEC), which is a measure of pillar metal incorporated where
we get a perfect correlation supporting the assumption that pillar metal enters

at the expense of exchangeable cations (figure 3.2.1).

100
=

=~ 80 8 _
0 3
&: 60 gg
% 40 a g
4 G
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0

~B8—100-%RCEC —e—PM*

Figure 3.2.1 correlation diagram of (100 - % residual CEC) versus total pillar

metal present
3.3 SURFACE AREA AND PORE VOLUME MEASUREMENTS

During pillaring process stable metal oxide clusters are incorporated

into interlayer space of swellable clays. Thus a three dimensional porous
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‘petwork is generated which results in increased surface area and pore volume.
This makes surface area pore volume determination particularly important in
the case of PILCs, which is directly related to the extent of pillaring. The BET
and Langmuir surface areas of various systems arc given in table 3.3.1. The
range of validity of BET equation for these materials is usuaily between P/Po =
0.01 and 0.1. However, in microporous solids like PILCs where the
interlamellar distance is of the order of a few molecular diameters, monolayer
formation on clay silicate layers occurs. Thus surface areas approximated by

Langmuir equation are reasonable representations of PILC surface areas’.

The high temperature calcination reduces the surface area and pore
volume of parent montmorillonite (BET surface area = 7.9 m”/g) due to the
structural collapse. Na'-ion exchange delaminates the clay layers partially and
thus porosity as well as surface areca gets increased. Delamination is an
outstanding property of dispersed montmorillonite particles that happens when
the counter ions are alkali cations, preferentially of lithium and sodium, and
the salt concentration is sufficiently small (approximately <0.2 mol/L for Na'
ions)’. Present study adopts 0.5 M solution of Na' ions for ion exchange, thus

only partial delamination is expected.

Table 3.3.1 surface area — pore volume data

Clay BET Surface Pore Langmuir

area volume Surface area

g  x10%m¥g)  (m%/g)
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M 7.90 0.0116 11.32

NM 51.64 0.0512 81.34
™ 132.25 0.1235 196.81
M 131.82 0.1090 191.00
AM 119.84 0.1183 177.20
CM 117.43 0.1162 174.25
TZM 162.08 0.1461 235.84
TAM 122.12 0.1221 181.09
TCM 137.04 0.1365 203.82
AZM 136.52 0.1236 200.08
ACM 121.53 0.1201 180.24
ZCM 125.42 0.1107 183.58

In the present study we are pillaring montmorillonite KSF that is acid
activated. As already reported, here the pillaring process is less efficient when
compared to untreated clays®. Surface area of different PILCs lies between 117
- 162 m’/g. Among the single metal PILCs Ti and Zr pillars increase the
surface area more when compared to single Al and Cr pillars. The mixed
pillared systems follow this trend. Thus in the present systems TZM possess
maximum surface area and pore volume data which is supported from its
lowest CEC values. Except in the case of ZCM and TAM, all mixed pillared
systems have surface area values higher than the surface area of individual
single metal PILCs. In ZCM surface area is found to be higher than CM
showing the efficiency of mixed pillaring. Similar is the case of TAM where

surface area is higher than AM. Al and Cr single pillared systems show
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jncrease in surface area upon mixed pillaring. Thus from the above discussions

it is clear that mixed pillaring is more effective than single pillaring.

3.4 X-RAY DIFFRACTION (XRD) ANALYSIS

The crystalline structure of the montmorillonite clay is known to be
comprised of sheets formed by stacking two tetrahedral Al-Si-O networks. The
tetrahedron faces form the exterior surfaces of the sheets. The vertexes of
upper and lower tetrahedrons are turned to each other forming between them
an octahedral network. Cations Si'" and AP* fill the tetrahedrons, while two
thirds of the octahedrons are occupied by AP’ and Mg*' cations. Exchangeable

hydrated cations and water molecules fill the space between the sheets.
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Figure 3.4.1 XRD pattern of M, NM and single PILCs
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The easiest way to determine whether pillar intercalation has been
successful is to record an X-ray diffraction pattern of the PILC. The position of
the diffraction peak of the (100) plane defined the interlayer space. In parent
clay the 20 value corresponding to the (100) plane lies at ~8.9°, with a basal
spacing of 9.8 A” (for calcined parent montmorillonite KSF, since 9.6 A is the
reference value for completely dehydrated parent montmorillonite) calculated
from Bragg equation. Pillaring process results in shift of this 20 value towards

left indicating increase in the d-spacing.
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Figure 3.4.2 XRD pattern of mixed PILCs

The basal spacing of different PILCs calcined at 500°C lies between

19.6 - 23.0 A. The d-spacing increase results from the incorporation of bulkier
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polyoxocations between the layers that transform to stable metal oxide clusters
upon calcinations that prop the layers apart. The XRD patterns are shown in

figure 3.4.1 and 3.4.2; the corresponding basal spacings are given in table

34.1.

Table 3.4.1 d-spacing values of PILCs

Clay d-spacing Clay d-spacing

(A) (A)

M 9.8 TZM 21.0
NM 9.8 TAM 20.9
™ 23.0 TCM 20.7
VA | 20.4 AZM 214
AM 19.7 ACM 20.2
M 19.6 ZCM 20.4

The parent montmorillonite M and Na'-exchanged one NM, shows
relatively sharp intense reflection. Upon pillaring except in the case of TM, we
get broadened reflection which indicates partial destruction of the layer
structure®, This severe disorder in the layer structure may be due to the high
calcination temperature. Appreciable expansion is noted in all the cases. The
absence of highly delaminated structure’ of TM as in the case of other reports
is the reason for the characteristic peak of well oriented and pillared structure.
The relative intensity of the peaks, i.e. the ratio of intensity of peak at 8.9° and

the newly originated one upon pillaring gives measure of the extent of
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pillaring. In all cases high intensity is there for the peak corresponding to
pillaring when compared to that at 8.9° which indicates that here pillaring is

efficient in propping apart the clay layers.

It is reported that compared with single metal oxide PILCs,
intercalation of clay layers by mixed oxide pillared 1s an efficient method to
increase the d- spacings. Present systems except TM, shows the same trend. Ti
single pillared system, as in agreement with previous reports shows high d-

spacing’.
3.5 POROUS STRUCTURE

PILCs are microporous materials. For an ideal PILC, the micropore is
defined by the interlayer distance, which is the space between the clay layers,
and lateral distance, which is the space between the metal oxide pillars, as
illustrated in figure 3.5.1(a). Generally PILCs exhibit bimodal pore size
distribution with pore size bigger than zeolites, which show advantages in
reactions with larger molecules. In the acid catalytic applications, the porous
structure of PILCs, always associated with the surface acidity, will determine
the type of reactions and also the total conversion and product selectivity. The
pore size of PILCs can be varied from 5 A to over 60 A, depending on the
synthesis conditions, such as type of the starting clay materials'®, cation
exchange capacity (CEC) of clays'', type of the metal oxide pillars'’, and

thermal treatment temperature'”.
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Physico-Chemical Characterization: Structural and Textural Modifications

Figure 3.5.1 Schematic structures of the single and mixed metal oxide PILCs
with various d-spacings. (a) AI-PILC; (b) S¥/Ti-PILC

The d-spacings, determined by X-Ray Diffraction (XRD) measurement,
of various single and mixed metal oxide PILCs are summarized in the recent
reviews by Kloprogge'* and Gil et al'’. It is reported that compared with single
metal oxide PILCs, intercalation of clay layers by mixed oxide pillars is an
efficient method to increase the d-spacing'®'®. Recent reports show d-spacing
as high as 60 A can be obtained on some composite PILCs, such as Si/Ti-PILC
(60 A)", Si/Cr-PILC (47 A)®, Si/Fe-PILC (63 A)?', etc. However, detailed
surface area analysis indicated that for these PILCs, d-spacing measured by
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XRD is always much larger than the average pore size. The reason is that the
mixed metal oxide pillars are present as multilayer stacking nano particles

between the silicate layers, as shown in figure 3.5.1(b).

Apart from adjusting pore openings by different pillar species and
organic templates, the drying process, which transforms wet PILCs into dry
solid, is another important factor. Treating same PILC by different drying
methods, such as normal air-drying, freeze drying®, and supercritical drying®,
will lead to different porous structures. The first method often produces
laminated ptllared structure, while the PILCs prepared from the latter two
methods show more random/ delaminated structures, because the silicate layers
from both the methods favour the edge-to-face and edge-to-edge stacking.
Therefore, the average pore size of PILCs will increase in the order of air-
drying, freeze drying and supercritical drying. In the present work we had
adopted air drying of the PILCs and a laminated structure is expected.

Table 3.5.1 Pore volume data of P1LCs

Clay External Intemal Micropore Mesopore Mean d-
Surface Surface volume volume porec  spaci

area arca (x10°m%g)  (x10°mY/g)  size ng

(m’g) _ (m/g) A A

M - - - - - 9.8
NM 22.05 29.59 0.0280 0.0232 35 9.8
™ 27.00 105.84 0.0660 0.0575 233  23.0
M 20.45 111.37 0.0630 0.0460 196 204
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AM 2414 95.70 0.0596 0.0587 28 197
CM  20.00 97.43 0.0606 0.0556 239 19.6
TZM ~ 24.52 137.56 0.0808 0.0653 212 21.0
TAM 1211 110.01 0.0804 0.0417 22 209
TCM  18.56 118.48 0.0741 0.0624 230 207
AZM 2414 112.38 0.0642 0.0594 202 214
ACM 1964 101.89 0.0620 0.0581 236 202
ZCM 1556 109.86 0.0665 0.0442 202 204

The micropore volumes, external and internal surface area of the clays
are calculated from t - plot”. The data in table 3.5.1 reveals the porous
structure of present PIL.Cs. The clays possess both micro and mesopores as
expected. The mean pore size of various systems did not show the same trend
as that of interlayer spacing which indicates that in addition to interlayer

spacing other factors also contributes porosity.

3.6 FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPIC
ANALYSIS

FTIR reveals the bonding and the changes upon modifications. Thus
this technique is very useful to study any structural changes that occurred

during pillaring.

Figures 3.6.1 and 3.6.2 show the FTIR spectra of the parent, ion

exchanged and pillared montmorillonites. The two bands around 3,500 cm™, in

Cochin University Of Science And Technology L7



the —~OH stretching region are attributed to silanol groups (3740 cm") of the
external layer and a broader band due to AlLL,OH group (3650 cm") of the

octahedral layer®®

. Stretching vibrations of water molecules may also
contribute to ~OH peaks (3500 cm™). On pillaring the band broadens due to
the introduction of more —OH groups of the pillar, which is interpreted as an
effect of pillaring™. The decrease in intensity arises from the dehydration and

dehydroxylation steps during pillaring.

)i‘” o .\wh..(-‘
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Transmittance (%)

Wavenumber {/fcm}
Figure 3.6.1 FTIR spectra of M, NM and single PILCs

Cochin University of Science And Technology 118



Peak at around 1600 cm” is due to bending vibrations of water.

Pillaring process replaces a large amount of interlayer cations that generally

exists as hydrated, decreases the intensity of -OH peaks. PILCs have low

amount of adsorbed/coordinated water due to the non-swellable nature.
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Figure 3.6.2 FTIR spectra of mixed PILCs
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Thus as a result of pillaring intensity of band around 1600 cm’” also
decreases”’. The band around 1060 cm” is due to asymmetric stretching
vibrations of SiO, tetrahedra. A band around 800 cm is due to stretching
vibration of Al' tetrahedra and absorption at 526- 471 cm is due to bending
of Si-O vibration. The retentton of all peaks as in parent montmorillonite in the
framework region clearly shows that the basic clay layer structure remains

unaffected on pillaring.
3.7 NMR ANALYSIS

The structural rearrangements that occur during the calcinations and the
exact nature of metal oxide clusters that form the pillars in PILCs remain a
subject of discussion. In the case of alumina pillaring it has been proposed that
heating causes the dehydroxylation of the keggin ions with the formation of
alumina and water as well as protons that migrate to the octahedral layer
vacant O4(OH); sites to charge compensate for the presence of divalent ions®®,

[Al;3(0)s(OH)24(H,0)]"  —— 13/2 ALOs + 412 H,O + 7H?

It is believed that the dehydration reactions at 500°C forming heat
stable Al; blocks, 0.98nm x 1.09nm x 0.84nm in size, is better represented by:
[AL3(0)((OH)4(H20N2)*  — 5 [A1;3043(OH)y3] + 14H,0 + 7H'
in which 13 AIOOH units connect to form the Aly; — pillar. Moreover protons
instead of bonding with oxides or hydroxides in the clay AlQOg layer could react
With the stlicate layers to form silanol and Si—O-Al(VI)p groups scheme

(3.7.1).
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Scheme 3.7.1 Formation of Si-O-pillar group

This can be generalized as Si-O-Mp; where M is any pillar metal (M =
Al Zr, Ti or Cr in the present work). Proton attack of the siloxane layers could
be facilitated by the stretching of Si-O bonds observed by AFM in Al;3-PILC
samples”. As a result, the pillar composition may not be as indicated because
of protonation reactions with the Si-O-Si bond and because of different

[O/OH] ratios within the pillars.

The **Si NMR and Al NMR spectral analysis gives idea about the
nature of pillars and the influence of pillars on the clay layers. Pillaring
solution of Zr contains [Zrs(OH)jen(H20)me]" or [Zrg(OH)s(H20)i6(Cl,
Br),J®™. Ti pillaring polyoxocations consists of [TiO,(OH)4],™ species
where Cr pillaring solution consists of a trimer and higher polymers. Plee et
al.’® have used “’Al and *Si solid state nuclear magnetic resonance (MAS

NMR) techniques to study the linkage of pillars with the clay sheets.
3.7.1 ”SI NMR SPECTRA

Figure 3.7.1 shows the **Si NMR spectra of parent montmorillonite and

31,32

PILCs. In agreement with published results” =, the spectrum of parent
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montmorillonite contains two resonances. The one at —95.56 ppm is attributed
to T (3Si, 1Al) units representing Si'V atoms linked through oxygen to three
other Si' and to one Al (or Mg) in the clay octahedral layer. The second
resonance near -110.20 ppm is due to silica impurities present in the parent
clay. On pillaring the T (351, 1Al) resonance shifts and broadens considerably.
This upfield shift has been attributed to the diffusion of the charge
compensating protons generated during calcination to the clay octahedral
layer“. The presence of Si-O-My, site may be responsible for the broadened
resonance observed in the spectrum of PILC*. The & ppm values of different

systems are shown in table 3.7.1

Table 3.7.1 & ppm values of T (3Si, 1Al)

Clay é ppm Clay O ppm

M 95.56 TZM 96.64
NM 94.80 TAM 96.34
™ 96.12 TCM 96.28
ZM 96.02 AZM 97.66
AM 95.98 ACM 96.07
CM 95.77 ZCM 96.05
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Figure 3.7.1 ’Si NMR spectra of present clay systems
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3.7.2 YAl NMR SPECTRA

2’A1 NMR can detect the cordination of Al atoms in clays containing
as little as 0.26% of Al;O; and thus is of particular utility in studying

octahedral and tetrahedral sites.

5 ppm

Figure 3.7.2 “7A1 NMR spectra of different clays
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The resonance of montmorillonite at —0.8 ppm is due to the octahedral
“aluminium and the one around 60.0 ppm is attributable to tetrahedrally co-
ordinated Al atoms. The peak of Al" is present in Na"-exchanged and pillared
systems, which is due to the leaching of octahedral Al and is very weak.in
parent montmorillonite. During ion exchange, treatment with sodium nitrate at
70°C for 24 h may leads to the leaching of some octahedral layer AlY to
interlamellar space where it exists as tetrahedral Al"Y. Increased intensity of
AlY peak of PILCs is due to the leaching of Al at 70°C and acidic conditions
of pillaring solution. For pillared sample small change in 5 ppm value for
octahedral Al atoms may be due to the bonding of Miuar atoms of intercalating
polymer via oxygen atoms with layer metals. Eventhough there is leaching of
octahedral Al and some Al occupies in interlamellar region as tetrahedral Al
(figure 3.7.2), the basic clay layer structure is retained. The peak of tetrahedral
Al is broad and intense in Al pillared systems (single and mixed PILCs) due to

the presence of Al' in the center of keggin cation of the Aly; pillar.
3.8 UV-VIS DIFFUSED REFLECTANCE SPECTROSCOPY

The UV-vis-diffuse reflectance spectroscopy is a suitable technique to
study solids, particularly dispersed oxides® and metal ions in constrained

35.3 .
7 to obtain

environment such as MCM, zeolites and clay materials
information on the coordination environment, oxidation state of the embedded
transition and rare earth metal ions. We have employed this method to study
the chemical environment, location and interaction of Cr’' ions in the

microenvironment of the single Cr-PILC as well as in mixed PILCs.
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Figure 3.8.1 shows the UV-Vis-DRS spectra of parent, 10n exchanged
and single PILCs. The parent clay without the Cr** jon did not display any
characteristic band above 250 nm (figure 3.8.2 shows the DRS of mixed

pillared systems).
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Figure 3.8.1 UV-Vis-DRS spectra of parent, ion exchanged and single P1L.Cs

This broad band centered at 242 nm (not shown in figure) is assigned to
(Fe*' «— 0%, OH or OH;) charge transfer band for iron present in the
octahedral layer of the clay mineral® and is common to modified as well as
parent montmorillonite clays. The basic structural SiOs units of tetrahedral

stlicate layers in the clay lattice do not absorb light in the range of 200-800 nm
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fﬁ‘éxcept when the transition metal ions are exchanged in the interlayers or
present in the silicate structure. In the present case, the montmorillonite used in
this study contains Fe*" ions isomorphously substituted in the octahedral layer.
These metal ions account for the strong absorption in the UV region of the clay
materials. The incorporation of Cr’* ion in the pillar position leads to
characteristic absorption of light in the UV region of the DRS spectra. The
cr’ ion with 3d° configuration is known to exhibit strong optical absorption in
the UV region of the electronic spectrum. In the present study, the clay
samples containing Cr pillar species show new absorption bands in the UV

region of the DRS spectra.

Alumina is a direct band gap insulator which does not absorb light in
the UV-region of the spectrum. The AlLO; pillars formed after the heat
treatment of the AI-PILCs samples thus do not contribute any additional
feature to the DRS spectrum of Al-PILCs as evident from the figures™.

Intercalation of the Zr pillars into the clay structure results a broad
absorption feature extending up to 400 nm. Such absorption feature has been
observed for ZrQO, samples with structural disorder and defect centers?’,
Zirconium dioxide is a direct band gap insulator which shows interband
transitions at ~230 nm with an absorption edge at 250 nm. However, the
presence of structural disorder and defect centers shift the adsorption edge to
higher wavelength due to the presence of localized states between the valence

and conduction band®.
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Figure 3.8.2 DRS of mixed PILCs

The Zr nanosized pillars in the Zr-PILCs can contain defect sites and
can contribute to the broad absorption feature in the higher wavelength side of
the spectrum. But calcination at 500°C results in loss of intensity of the higher
wavelength absorption feature. This is due to the fact that annihilation of the
defect centres takes place at higher temperatures. Moreover, coalition of the
Zr-pillars to bigger Zr clusters can also take place upon heat treatment.
Montmorillonite clay, used in this study is a dioctahedral clay mineral in which
most of the layer charge originates from the octahedral layer and is considered
to be delocalized®'. The charge delocalization helps in the mobility of the Zi-

pillars in the interlayer and upon heat treatment the Zr-pillars coalesce to form
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bigger clusters. Thus Zr containing PILCs did not show any characteristics

absorption of Zr.

Ti containing PILCs did not show ary characteristic peak for Ti1 which

may be due to the very low concentration and efficient distribution of Ti in the

PILCs.
3.9 THERMAL ANALYSIS

Pillaring is the only clay modification method that gives thermal
stability. Thermal stability is an important parameter that makes clays suitable
for high temperature applications. Therefore thermal analysis plays a major
role in clay characterization. In general the porous structure of PILCs can be
stable up to 400-500°C*2, Further increase in the heating temperature will lead
to the collapse of clay layers due to the sintering of the pillars and the
dehydroxylation of clay sheets. Both the nature of the clay matenals and type
of metal oxide pillars will affect the thermal stability of the resulting PILCs.

3.9.1 THERMOGRAVINETRY (TG)

Figures 3.9.1 and 3.9.2 show the loss of weight as a function of
temperature for different clays. The weight loss up to 200°C is a result of the
loss of surface - adsorbed water. In M and NM a high temperature weight loss
1s a result of water removal originated from dehydration of the layers. This

structural collapse continues even up to 800°C. In the pillar polyoxocation
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intercalated clay samples a less pronounced slope is present in the dehydration

segment of the TGA curve.

AM
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Figure 3.9.1 TGA curves of M, NM and single PILCs

This is interpreted as an overlapping of the weight loss produced by water
removal from the surface, the micropores, and the dehydroxylation of hydroxy
metal oligomers of the pillars. The new inflections at around 400°C present in

the PILCs may have been due to the transformation of metal oxyhydroxide to
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metal oxide in the pillars™. The weight loss becomes absent at temperature

above 650°C in PILCs which may be due to the additional stability obtained to

montmorillonite upon pillaring.
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Figure 3.9.2 TGA curves of mixed PILCs
3.9.2 DIFFERENTIAL THERMAL (DTA) ANALYSIS

DTA was also used to investigate the thermal stability of PILCs. As
shown in Figures 3.9.3 and 3.9.4 two endothermic peaks are obtained. PILC
products show one small endothermic peak at about 600°C assigned to

dehydroxylation of any remaining hydroxide pillars besides one endotherm

near 100°C induced by dehydration**.
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Figure 3.9.3 DTA profiles of M, NM and single PILCs

Endothermic peak at about 300-400°C is assigned to dehydroxylation

of metal hydroxide pillars to metal oxide.
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Figure 3.9.4 DTA curves of mixed PILCs
3.10 SCANNING ELECTRON MICROSCOPIC (SEM) ANALYSIS

The layer structure of clays is evident from SEM pictures. The
retention of this structure in PILCs suggests that the basic clay layer is
unaffected upon pillaring. The SEM pictures are shown in Figures 3.10.1 and
3.10.2.
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Figure 3.10.1 SEM pictures of M, NM and single PILCs.

Figure 3.10.2 SEM pictures of mixed PILCs
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AN MEASUREMENT OF ACIDATY

There are a large number of reactions which are catalyzed by acid sites,
and their importance has surpassed the interest in the fundamental chemistry. It
can be said that solid acids are the most important solid catalysts used today,
considering both the total amount used and the final economical impact. Then,
when a solid acid catalyst is to be designed and optimized in order to carry out
a certain reaction, the following questions have to be necessarily answered:
What type of acid sites are needed, either Bronsted or Lewis? What is the acid
strength required to activate the reactant molecule, and finally, how are the
number of the required acid sites in a given solid acid catalyst maximized? In
order to answer these questions, different techniques have been developed to
determine the surface acidity. The methods used and the results obtained in the

present study will be briefly described in this section.

PILCs possess both Brensted acid (proton donor) sites and Lewis acid
(electron pair acceptor) sites'>*®. To investigate the surface acidity on PILC
samples, the most commonly used methods are the study of adsorbed ammonia
or pyridine by infrared (IR) spectroscopy and temperature programmed
desorption (TPD) of adsorbed ammonia®’. By choosing adsorbed substrates
with different basicity, both the number and strength of the acid sites can be

determined.

Ming—Yuan showed that the same montmorillonite pillared by different
metal oxides exhibit differences in acidity, with the highest acidity for Ti-PILC
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and the lowest for Ni-PILC*. The acidity shown in this study is mainly
attributed to Lewis acidity.

In the present work acidity is determined and compared using two
independent techniques and is discussed in the following sections. A

qualitative picture is obtained from pyridine IR of the clay samples.

3.11.1 TEMPERATURE PROGRAMMED DESORPTION (TPD) OF
AMMONIA

The use of PILCs as acid catalysts could benefits from knowledge of
the number, strength and nature of the acid sites involved. Clays, in general
have both Brensted and Lewis type acidity. Bransted acidity essentially results
from the dissociation of absorbed H,O molecules. This dissociation is induced
by the electric field of the exchangeable cations to which they are associated.
The presence of surface silanol groups (= Si-OH), resulting from broken = Si-
O-Si= bonds in the tetrahedral, sheet, either via treatment with acids or by
extended contact with water by the clay® also contributes to Bransted acidity.
In contrast, Lewis acidity results not only from low-coordinated Al and/or Mg
on the crystal edges, but also, and most importantly, from the isomorphous
substitution of Si*" by AP’ and of AI>* by Mg”*. These substitutions create
Lewis base sites in clays, particularly in smectites, and Lewis acid sites in the

interlayer.
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Previously, acidity in pillared materials was thought to be of the Lewis-
acid type and resulting mainly from dehydroxylation of the hydrated large
interlayer cations. However, when heated, these polyoxycations form oxide
clusters and protons, which are retained as charge compensating cations® and
possibly enhance the Brensted acidity. On the other hand, these protons can
migrate to octahedral holes, thereby becoming inaccessible and finally
resulting in the degradation of the octahedral sheet’'. Recent reports™ suggest
that the host-guest interactions between clays and intercalated compounds
enhance reactivity and modify the physico-chemical properties of the
intercalation compounds. Thus, intercalation significantly increases the acid
properties of the incorporated cations™, inducing hydroxyl groups to be easily

dissociated, and creating Bronsted acidity.

It is reported that* the acidity varies with the type of hydroxycation
(Ti>Zr>Al>Fe), and acidity increases with the number of pillars. Pillars and
clay layers show synergetic effects, involving both acidity and reactivity of the
PILC. Thus the surface acidity determination plays an important role in

catalyst characterization.

In the present work, the pillar metals used are Ti, Zr, Al and Cr. Mixed
pillaring that contains 2 metals are also done. From the acidity values obtain
from TPD of NH; shown in table 3.11.1 we get an idea about the influence of
various pillar metals on the acidity of montmorillonite. After high temperature
(500°C) calcination, the structure of montmorillonite KSF gets collapsed

making the acidic sites in accessible. Ion exchange exposes some of the acidic
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sites as a result of partial delamination. The increased acidity of NM may also

be due to dealumination that occurs during ion exchange.

During the pillaring process the desegregation of the clay layer helps in
exposing more number of acidic sites. The expansion in the layer structure in
PILC also increases the accessibility of the interlayer protons which otherwise
remain obscure to the reactant molecules in the parent clay due to smaller
interlayer dimensions. In addition, the metal oxide pillars formed in the
interlayer can contribute to the overall acidity of the PILC materials. Pillaring
causes a drastic increase in acidity; in the weak, medium and strong acidic

region.

Table 3.11.1 Acidity values calculated from TPD of NH;

Clay Weak Medium  Strong Total Total
(mmol/g) (mmol/g) (mmol/g) (mmol/g) x107% (mmol/m?

M 0.0711 0.0508 0.0406 0.1625 2.0911
NM 0.4795 0.1653 0.1107 0.7561 1.4642
™ 0.6033 0.5057 0.2266 1.3356 1.0010
M 0.4831 0.3692 0.1500 1.0023 0.7604
AM 0.424 0.1357 0.2036 0.7633 0.6369
CM 0.2630 0.1188 0.0528 0.4356 0.3709

TZM 08318 0.5837 0.5275 1.943 1.1988
TAM  0.6924 0.577 0.5049 1.7743 1.4529
TCM 04773 0.1825 0.0561 0.7159 0.5224
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AZM  0.6088 0.2327 0.1432 0.9847 0.7213
ACM  0.3020 0.1243 0.0178 0.4441 0.3654
ZCM  0.4886 0.1056 0.0528 0.6480 0.5167

Thus pillaring enhances both Brensted as well as Lewis sites that may
cause increased activity in acid catalyzed reactions. The values are greater than
NM except in the case of Cr-containing PILCs. It is reported that Cr pillared
systems possess lower acidity values. In PILCs the acidity in the weak +
medium strength region is from Brensted acid sites and coordinatively bound
NH; on strong Lewis site can be desorbed only at high temperatures; thus
acidity in strong region can be correlated to the amount of Lewis sites. The
major acidity of the present clay systems lies in the weak + medium strength
region. The acidity of single PILCs varies in the order TM> ZM> AM>CM
and is in agreement with literature. Mixed pillaring results further increase in
acidity values. Presence of Cr decreases the acidity of Ti, Al and Zr containing
systems upon mixed pillaring, but the values are greater than single Cr-PILC
{CM). Both Ti and Zr containing systems shows good Lewis acidity as clear
from their comparatively high acidity values in the strong acid region. In
addition, these systems show very high Brensted acidity as evident from the
high values in the weak and medium strength region. The acidity per unit area

of the catalysts is also tabulated.

According to Sychev, the increased acidity upon Ti pillaring could be
due to the occurrence of dealumination during the synthesis of Ti — PILCs™.

Acidity is also due to the weak acidic character of the Ti species acting as
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pillars and to the significant increase in micropore area after the piilaring
process. The acidity of samples increased with increase in micropore volume.
Present Ti containing systems follows this trend except in the case of TCM that
contains Cr, and is interpreted as a result of the presence of Cr. As discussed
by Farfan-Torres et al.’®, the Zr-PILCs when calcined at moderate
temperatures can contain hydrated ZrO,; pillars which are positively charged
and contribute to the Brensted acidity of the material by virtue of the following
equilibrium:
Zr0; xHy0 — ZrOy(x -y)H,0 -yH' + yOH

Similar will be the case of all metal oxide pillars.
3.11.2 FTIR OF PYRIDINE ADSORBED SAMPLES

Pyridine IR is commonly used to get an idea about the nature of the
acid site present. Both qualitative and quantitative picture of the acidic site of a
solid can be studied. In the present work, we had taken FTIR of pyridine
adsorbed clay samples in order to know about the nature of the acid sites
present. The characteristic bands of pyridine protonated by Brensted acid sites
(pyridinium ions) appear at 1540 and 1640 cm’”, while the bands from pyridine
coordinated to Lewis acid sites appear at 1450 and 1620 cm’.

From figure 3.11.1, it is clear that the peak at 1450 cm’ is
comparatively weaker than that at around 1550 cm™. The band at 1550 cm™ is
broad due to the physically adsorbed pyridine present on the clay systems
(peak present around 1630 cm’). The parent clay posses peak mainly at 1636
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cm” due to physisorbed pyridine present on this sample, where peak of

Brensted acid site 1s weak.
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Figure 3.11.1 FTIR of pyridine adsorbed clay samples
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In M peaks originating from both the sites are of equal strength. Upon ion
exchange, i.e. NM shows increased strength to the peak around 15550 cm’
indicating increased Bronsted acidity. PILCs shows improved strength of both
peaks as a result of enhanced acidity, where peak from Brensted site is of high
intensity. But since the peak is merged with the peak of physisorbed pyridine,
adsorbed water and Lewis site, as evident from the spectra, we did not try to
measure the intensity of peaks to get the quantitative picture of each site

present.
3.11.3 TEST REACTIONS FOR ACID - BASE PROPERTIES

In order to get an idea about the relative acidity of various clay systems
we have carried out test reactions where acid sites are playing a major role.
There are reactions that involve both the acidic sites (Brensted and Lewis sites)
leading to different products. Thus the yield of each product will give a
comparative evaluation of each type of acid site present. Some other reactions
are catalyzed by acid sites where only one product is formed over the acidic
site whether it is Brensted or Lewis. This will give an idea about the total
amount of acid sites present independent of its nature or strength. We have
selected two test reactions for acidity measurements and are discussed in

detail.
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3.11.3.1 CUMENE CRACKING REACTIONS

The desired properties of an efficient cracking catalyst are accessible
acid sites, high surface area, and high thermal and hydrothermal stabilities.
Cracking catalysts which are zeolite based possess pore sizes less than about
10 A, which makes them inefficient for the cracking of larger hydrocarbons,
for e.g. those in heavy oils®. The search for alternative materials with high
cracking activities comparable to zeolites, but with larger pores, has motivated
different research groups to investigate various metal oxide PILCs in recent
years. These research activities have been directed towards understanding the
process of pillaring, developing new pillaring species, and finding the role of

clay sheet reactivity "

Cumene cracking reaction is performed to know the catalytic activity
and acid site distribution. These types of catalytic cracking reactions are of
primary interest in petroleum processing due to the large demand for aromatic
petrochemicals of low molecular weight i.e., gasoline and paraffinic molecules
for diesel fuel®’. As bulk crude oil is not generally rich in these molecular
types, their formation is very important. The reactions, which are required to
produce the desired hydrocarbon fractions, are brought about through the use
of acidic solids that activate the hydrocarbons through the formation of
carbocations. Now the porous clays have recently received a great deal of

attention for these types of reactions.
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Cumene is a convenient model compound for such catalytic studies,
because it undergoes different reactions over different types of active sites. The
cracking of cumene, producing benzene and propene, is generally attributed to
the action of Brensted acid sites, following a carbonium ion mechanism and it
is commonly used as a model reaction for characterizing the presence of this

type of site on catalyst surface.

H
+ H ——— —l
CHJ CH,
N 7
L+ O CH © + o
© No?

Mechanism |

.
+ L —— + LH '

mechanism i

Scheme 3.11.1 Mechanism for cumene conversion over acidic sites
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The formation of a-methyl styrene during cumene cracking, due to
dehydrogenation, has been ascribed to Lewis acidity (mechanism is shown in
scheme 3.11.1)%*®'. Thus present study allows comparison of the distribution

of both Bronsted as well as Lewis acid sites of the prepared catalysts.

Cumene cracking reaction gives a picture of the catalytic activity of
different systems. Cracking results benzene whereas dehydrogenation leads to
a-methyl styrene. A comparison of the relative amounts of these two products
over the different systems provide some information about the relative
effectiveness of the cracking and dehydrogenation sites i.e. Brensted and
Lewis acid sites on the catalysts respectively®®*. The formation of other
products, like ethyl benzene, toluene and styrene is minimal. Dealkylation and
side chain cracking results in the formation of ethyl benzene and toluene while

dehydrogenation of ethyl benzene gives styrenc® (scheme 3.11.2).

/ methyl styrene
cumene benzene

toluene styrene ethylbenzene;

Scheme 3.11.2 various steps during cumene conversion over acid catalysts
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3.11.3.1.1 EFFECT OF REACTION VARIABLES

The percentage conversion and selectivity to the products are greatly
influenced by the contact time and reaction temperature. In order to study the
eftect of contact time, cumene cracking reactions are performed under different
weight hourly space velocities (WHSV). The reactions are done at different
temperatures also to get the optimum conditions for good catalytic activity.

ZM is selected for optimization studies.

3.11.3.1.1.1 Effect of WHSV

WHSV OPTIMIZATION
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Figure 3.11.2 Influence of WHSV on catalytic activity at a temperature of
450°C, Time on stream 2 h and catalyst weight 0.5g
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From the plot of WHSV versus cumene conversion and benzene
selectivity in figure 3.2.2, it is clear that maximum conversion is at a WHSV of
5.2 h”'. Benzene selectivity is also found to be good, around 80% in this

condition and is thus setected as the optimum condition.

3.11.3.1.1.2 Effect of temperature

Increase in the reaction temperature increases both conversion as well
as benzene selectivity. Thus it is concluded that cracking efficiency increases
with temperature. At low temperatures of 300°C and 350°C conversion is
found to be less than 10%, which increases with further increase in
temperature. Present catalyst systems are calcined at a temperature of 500°C
and thus we tried a high temperature only up to 450°C and it is selected for
further studies (figure 3.11.3).

TEMPERATURE OPTIMIZATION
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Figure 3.11.3 Effect of temperature on catalytic camene conversion reaction at

a WHSV of 5.2 h'!, Time on stream 2 h and catalyst weight 0.5g
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3.11.3.1.2 COMPARISON OF ACTIVITY OF DIFFERENT CLAYS

Pillaring as well as ion exchange is found to increase the catalytic
activity of montmorillonite clays in cumene cracking reactions and thus is
efficient to enhance clay acidity. This is in agreement with the increased
acidity measured from TPD of NHi. Parent montmorillonite, M shows very
low activity. Benzene and a-methyl styrene selectivity is also found to be very
low. Benzene is produced on the acid sites associated with tetrahedrally
coordinated AI' and it is thought that octahedrally coordinated A1Y! is not
effective®®. M, as evident from its 2’Al NMR spectra, possesses very low
amount of tetrahedral Al". The major products over M are a result of side
chain cracking. This may also be due to the low porosity resulted from the
structural collapse occurred at high temperature calcinations. lon exchange
increases benzene selectivity and conversion. The increased Bronsted acidity
may be due to the process of dealumination that occurred during ion exchange.
*’Al NMR spectra show increased amount of tetrahedral Al in NM which
further increases upon pillaring. NM shows high a-methyl styrene formation
than M. this 1s a result of exposure of the layer structure arising from partial
delamination occurred during ion exchange. The results of cumene cracking

over different catalysts are shown in table 3.11.2.

Pillaring process shows increase in both conversion and selectivity.
Among the single pillared systems conversion is high over TM and ZM. Mixed
pillaring increases conversion and selectivity except in the case of Cr

containing systems. The increased benzene and a-methy! styrene selectivity is
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a result of exposed and additionally introduced acidic sites. Highest conversion
is obtained over TZM with very high benzene selectivity. Thus the assumption
that pillaring process exposes and adds acidic sites 1s confirmed, since among
the different PILCs maximum surface area, pore volume, amount of pillar

metal etc are of TZM.

Table 3.11.2 Comparison of catalytic activity over different clays

Catalyst  Cumene Selectivity (%)
conversion  Benzene a-Methyl Others
(wt %) Styrene

M 6.7 12.8 0.3 86.9
NM 21.1 62.8 49 323
™ 28.7 75.7 7.3 17.0
VA 28.7 79.5 6.6 13.9
AM 223 77.2 3.0 19.8
CM 18.8 67.1 29 30.1
TZM 316 82.6 5.5 11.9
TAM 29.7 78.0 59 16.2
TCM 20.6 74.2 3.2 22.7
AZM 264 83.2 5.0 11.8
ACM 15.9 70.3 2.6 27.1
ZCM 17.8 67.4 7.22 253

Temperature 450°C, Time on strcam 2 h, WHSV 5.2 b-1 and Catalyst weight 0.5 g
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3.11.3.1.3 PERCENTAGE DISTRIBUTION OF ACID SITES

Table 3.11.3 Percentage distribution of acidic sites calculated from cracked

and dehydrogenated products yield

Catalyst Cumene Cracked Dehydrogenated % %
Conversion Product Product Bronsted Lewis
(wt %) (wt %) (wt %) Acidity  Acidity
M 6.72 6.62 0.10 20.95 0.32
NM 21.09 19.47 1.62 63.55 5.12
™ 28.74 26.29 245 83.20 7.74
M 28.69 25.84 2.85 81.77 9.02
AM 22.34 2143 0.91 67.82 2.88
CM 18.83 17.96 0.87 56.84 2.75
TZM 31.60 28.16 3.44 89.11 10.89
TAM 29.72 27.00 2.72 85.44 8.61
TCM 20.55 19.50 1.05 61.71 3.32
AZM 26.38 25.01 1.37 79.15 4.34
ACM 15.85 14.99 0.86 47.44 2.72
ZCM 17.84 16.40 1.44 51.90 4.56

Tcemperature 450°C, Time on strecam 2h, WHSV 5.2 h-T and Catalyst weight 0.5 g

From the conversion and selectivity of cracked and dehydrogenated
products formed over various clay systems, we tried to calculate the percentage
Brensted and Lewis acid sites distribution and are tabulated (table 3.11.3). We

tried to correlate the acidity obtained using various techniques. Total acidity
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obtained from TPD of NH; is correlated with cumene conversion over different
clays. Figure 3.11.4 shows very good correlation suggesting that both methods
provide similar results. Then we tried to correlate percentage Bransted acid

sites distribution calculated from the yield of cracked cumene product with the

CONVERSION VS TOTAL ACIDITY
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Figure 3.11.4 Correlation diagram for cumene conversion versus total acidity

calculated from TPD of NH;

acidity calculated from weak + medium acid strength region from TPD of NH;
(figure 3.11.5). The relationship between percent Lewis acid sites distributions
calculated from the yield of dehydrogenated products in cumene cracking
reactions with the amount of strong acid sites in TPD of NHj is also studied

(figure 3.11.6).
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PERCENTAGE BRONSTED ACIDITY VS
AMOUNT OF WEAK + MEDIUM ACID SITES
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Figure 3.11.5 Plot of %Brensted acidity obtained from cumene cracking

reaction with the amount of weak + medium acid sites in TPD of NH;
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Figure 3.11.6 Plot of %Lewis acidity obtained from cumene dehydrogenation

with the amount of strong acid site in TPD of NH;
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3.11.3.2 CYCLOHEXANOL DECOMPOSITION REACTIONS

Cyclohexanol undergoes dehydrogenation on acidic + basic sites to

form cyclohexanone while dehydration step is favored on Brensted acid sites

67,68

leading to the formation of cyclohexene’”™. Scheme 3.11.3 shows various

products of cyclohexanol decomposition reaction.

dehydration
acidic sites
Cyclohexene
OH o
dehydrogenation

acid + basic sites

Cyclohexanol

Cyclohexanone
aromatization OH
. . )
basic sites
Phenol

Scheme 3.11.3 various products of cyclohexanol conversion over solid acid

catalysts

The formation of cyclohexene on PILC catalysts is thus consistent with
acidic nature of these materials. Scheme 3.11.4 shows the role of acidic sites in
the formation of cyclohexene and a combination of acidic and basic sites for

cyclohexanone formation. The Brensted acidity of clay samples is also found
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to increase in the same order as that of the activity. Therefore, the catalytic
activity of PILCs can directly be correlated with increased acidity due to

pillaring.

M—O—M M—O—M

O

|1

Acidic sites

O—-H
H
H\oj gH H\p/H \O o/H
|

Scheme 3.11.4 Mechanism of gas phase cyclohexanol decomposition
3.11.3.2.1 Effect of reaction parameters
In order for getting good catalytic activity, we studied the influence of

reaction parameters on conversion and selectivity of the products. ZM is

selected to test the effect of temperature and WHSV on the catalytic activity.
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3.11.3.2.1.1 Effect of temperature

Cyclohexanol transformation reaction has been performed on PILC
samples in the temperature range of 200-350°C. Figure 3.11.7 summarizes the
influence of temperature on catalytic activity over the PILC material. Under
the reaction conditions, cyclohexene is obtained as the major product for all the

catalysts (selectivity =80%) along with negligible amount of other products.

TEMPERATURE OPTIMIZATION
100 +
7 a2
20 + S 2
S 1° 288

2 @
80 + lg 5 z,

70 $ + + 1

200 250 300 350
Temperature (°C)

—a— Cyclohexene selectivty (%)
—o— Conwersion (%)
—e— Cyclohexanone selectivity (%)

Figure 3.11.7 Effect of temperature on catalytic activity (wt% conversion)

in the range of 200-350°C at WHSV 7.7 h’', Time on stream 2 h and Catalyst
weight 0.5 g
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The conversion increases with temperature. An increase in temperature
from 200°C - 250°C shows a drastic increase in conversion as evident from the
figure. Conversion reaches more than 97% when the temperature is greater
than 250°C. Thus for the comparative evaluation of different catalysts (of

conversion and acidity) we selected a temperature of 250°C.

3.11.3.2.1.2 Influence of WHSV

WHSV OPTIMIZATION
25 +
+ 90
2= 20 +
o
- 470
3 2 2
59 104
3. @ 5 1 1 50
0 y | ' 30
7.7 9.6 1.5 13.4
WHSV (/h)

—a&— Cyclohexanone selectivity (%)
—&-— Cyclohexene selectivity (%)
~{1 Conwversion{%)

Figure 3.11.8 influence of WHSV on catalytic activity at a temperature of
250°C, Time on stream 2 h and Catalyst weight 0.5g
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In order to study the effect of WHSV on the catalytic activity,
cyclohexanol dehydration has been performed at 250°C on the catalyst. The
catalytic activity shows a decreasing trend with increasing WHSYV as shown in
figure 3.11.8. Cyclohexene selectivity also decreases whereas cyclohexanone
selectivity slightly increases with WHSV and we selected a WHSV of 7.7 as
the optimum one. It is reported that a decrease in the conversion is observed at

higher WHSYV due to lesser contact time where the kinetics get affected®.
3.11.3.2 COMPARISON OF DIFFERENT SYSTEMS

The comparison of activity over different clays gives an idea about the
relative acidities. The presence of basic sites is proved from the formation of
cyclohexanone. The catalytic activity of all systems is tested in the optimized
conditions and is shown in Table 3.11.4. Among the various clays M is least
active and the conversion increases upon modifications. Cyclohexanone
selectivity is also very low over M. Cyclohexene is formed as the major
product m all cases. Over NM, formation of other products is more when
compared to cyclohexanone. All modified clays shows appreciable amount of
cyclohexanone which is a result of exposure of the layer structure that makes
basic sites accessible. This reveals the dual nature of montmorillonite clays
which can be used for a number of organic transformations. All modified
systems shows very good conversion and thus are efficient catalysts for
cyclohexanol decomposition. Comparison of conversion and cyclohexene

selectivity shows TZM as the best among different types of the modified
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montmorillonites. The enhanced textural properties lead to highest catalytic

activity for TZM.

Table 3.11.4 Comparison of catalytic activity in cyclohexanol decomposition

reaction

Catalyst Conversion

Selectivity (%)

(Wt%)  Cyclohexene Cyclohexanone Others

M 49.2 97.0 0.01 2.99
NM 96.6 79.8 7.4 12.8
™ 97.5 91.1 0.5 8.4
M 97.3 79.5 6.4 14.1
AM 96.8 91.3 5.3 34
CM 92.9 91.1 38 5.1
TZM 98.1 95.0 2.0 3.0
TAM 97.7 69.6 10.0 20.4
TCM 96.4 82.8 5.9 11.3
AZM 97.1 84.5 8.5 7.0
ACM 93.1 854 49 9.7
ZCM 96.2 90.9 6.7 24

Temperature 250°C, WHSV 7.7 h-T, Time on strcam 2 h and Catalyst weight 0.5 g

Figure 3.11.9 compares the cyclohexanol conversion with the total

acidity calculated from TPD of NHs. The perfect correlation obtained shows

the efficiency of both methods to give a comparative evaluation of acidity in

clays (conversion of M is not shown to protect clarity of the picture).
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J———

CYCLOHEXANOL CONVERSION VS TOTAL
ACIDITY

F—t+—
NN W
)

Conversion
(Wt%)
.
acidity(mmol/
g)

t T \j
© o =
n

—a— Cyclohexanol Conversion —0— Acidity

Figure 3.11.9 plot of conversion versus total acidity

3.12 CONCLUSIONS

The major conclusions at which we reach from the characterization of

present clay catalysts are listed below.

¥ Pillaning is done to improve the structural as well as textural properties of

montmorillonite.

¥ Ty, Zr, Al, Cr single and mixed pillared montmorillonite clays are prepared

and characterized.
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wf

Reduced CEC tells about the replacement of exchangeable cations which 1s

a result of pillar metal polyoxocation insertion.

Elemental analysis results say about the amount of pillar metal

incorporated.

Surface area- pore volume is increased drastically upon pillaring that again

increases with mixed pillaring.

XRD analysis is used as a proof for pillaring which provided the increased

interlamellar distance.

FTIR and SEM analysis of different systems show the retention of layer

structure.

»Si and ¥’ Al NMR results confirm pillaring; leaching of Al is also proved.

High thermal stability is imparted to clays upon pillaring and is clear from

thermal analysis.

The increase in acidity of the parent montmorillonite as well as single
PILC on mixed pillaring is clearly understood from TPD of NH;, and test
reactions for acidity measurements which offers the present systems as

efficient catalysts for organic transformations.
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Physico-Chemical Characterization: Structural and Textural Modifications

From the results obtained using various characterization methods the
efficiency of pillaring that improve clay properties which show further
enhancement upon mixed pillaring, with the retention of layer structure is

revealed.
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FRIEDEL-CRAFTS ALKYLATION
REACTIONS: WHY HETEROGENEOUS
CATALYSIS? A GREEN ROUTE IN
CHEMICAL SYNTHESIS

In this now universal contamination of the environment, chemicals are
the sinister and little recognized partners of radiation in changing the
very nature of the world -the very nature of its life. Green chemistry
provides the technical alternatives that the economists need. If the cost of
disposal of wastes, treatment, liability compliance and poor public
image are taken into consideration, environmentally benign processes
can compete with traditional approaches. A related ambition is the
minimization of the use of materials, energy in production, the increased
use of recycled materials and renewable resources. Heterogeneous
catalysis is widely regarded as one of the most important ways to reduce
the environmental footprint of chemical processes. In this context,
Friedel - Crafis alkylation, the important tool for introducing alkyl
groups into the aromatic ring system is introduced in this chapter giving
details of conventional catalysts used which reminds the need for

heterogeneous catalysts for the protection of Green Chemistry.
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4.0 INTRODUCTION

Substituted aromatic compounds have found wide applications in
the chemical industry and, therefore, their synthesis is of great importance.
For instance ethylbenzene is used to make styrene, from which polystyrene
plastics are made. Inexpensive detergents, the alkylbenzenesulfonates, are

prepared industrially from benzene and alkene'.

H .
CH,CH ?Hz
@l (CHaion CHE -CH SOg_Na"'

]
ethylbezene styrene an alkvlbenzenesnfonate

The simple aromatic hydrocarbons used as starting materials for the
complex molecules used by today’s society are readily available either from
coal tar or petroleum. Examples include benzene, toluene, naphthalene,

phenanthrene, xylenes, and anthracene.

Although simple alkyl benzenes such as toluene and xylene are isolated
from coal and petroleum, more complex arenes must be synthesized by
chemists by reacting the aromatic ring with other compounds. The single most
important class of reactions of the benzene ring is electrophilic aromatic

substitution reactions, as illustrated in the above generalized reaction:

O 5 — O
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4.1 FRIEDEL-CRAFTS REACTIONS

Electrophilic aromatic substitution reactions are characterized by a two
step process in which the first step is the attack of an electrophile, E’, by the 7-
electrons of the aromatic ring, yielding a carbocation intermediate. The second
step 1s the loss of a proton on the ring to re-form the neutral aromatic T-system.
Examples of electrophilic aromatic substitution reactions are nitration,
sulfonation, halogenation, alkylation, and acylation. The current lab
experiment will focus on alkylation and acylation of arenes. These reactions, in
which the electrophile is a carbocation, are called Friedel-Crafts reactions,

named for the two men who first reported the method in 1877.

These reactions form a large part of the more general problem of
electrophilic reactions. C.C. Price, in the Encyclopedia Britannica gives
definition to Friedel-Crafts reaction. “The Friedel-Crafts reaction is commonly
considered as a process of uniting two or more organic molecules through the
formation of carbon to carbon bonds under the influence of certain strongly
acidic metal halide catalysts such as aluminium chloride, boron trifluoride,
ferric chloride, zinc chlonde, etc”. There are a number of reactions bearing the
general name of “Friedel-Crafts™ and a large number of reactions related to this
type. In a general sense, we consider Friedel-Crafts type reactions to be any
substitution, isomerization, elimination, cracking, polymerization or addition
reactions taking place under the catalytic effect of Lewis acid type acid halides
(with or without co-catalyst) or proton acids. One of the original characteristics

of the reaction, namely that hydrogen halide should be evolved in the course of
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the reaction 1s by no means a limiting condition any more. It is felt to be
appropriate to maintain the name “Friedel-Crafts” for these reactions in honor
of the achievement of the original inventors of the aluminium chloride reaction
and at the same‘time to use the term in a more general sense, pomting out that

reactions related to the “Friedel-Crafts reactions” are to be included.

It 1s also unnecessary to limit the scope of the Friedel-Crafts reaction to
the formation of carbon-oxygen, carbon-mitrogen, carbon-sulfur, carbon-
halogen, carbon-phosphorous; carbon-deuterium, carbon-boron and many

other types of bonds all conform to the general Friedel-Crafts Principle.

Although Friedel and Crafts made their original observation on a
reaction involving replacement of hydrogen in an aliphatic compound, 1.e.
amyl chloride, the main emphasis of the reaction was concerned first of all
with aromatic compounds. The preparation of aliphatic compounds involving
Friedel-Crafts methods was of minor importance until World War 11, when
isomerization of paraffins and cyclo paraffins and the polymerization of
alkenes achieved considerable importance. The development of ahiphatic
chemistry of Friedel-Crafts reactions stems largely from advances made in the
production of relatively pure aliphatic hydrocarbons and their utilization for
motor fuels (Patieff and co workers) and the increasing importance of
polyalkenes. Ethylbenzene, needed for the manufacture of styrene, detergent
alkylates and related products helped to push aromatic Friedel-Crafts reactions

into large scale production®.
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4.1.1 Composition of reaction systems

In the absence of any complications or side reactions, a Friedel-Crafts
reaction mixture involves the following components:

1. The substance to be substituted.

2. A reagent that supplies the substituent. This may be an alkene,
alkyl halide, alcohol, acid halide or anhydride, etc.

3. A catalyst, which may be a Lewis acid type acidic halide or a
proton acid in the Bronsted-Lowry sense.

4. A solvent; the function of which is sometimes taken over by
excess of the substrate or reagent. Solvents are generally of the non-
ionizing type, e.g., CSy, CCly, etc, although solvents with high dielectric
constants are also employed, e.g., nitrobenzene, nitromethane etc.

5. The substituted product formed in the reaction (alkylated,
acylated product, etc.).

6. The by-product conjugate acid HX, where X originates from the
catalyst.

Of the possible combinations of these constituents, many give rise to
complexes that play an important role in governing the results of a given

reaction.

4.1.2 Friedel-Crafts Alkylation reactions

Alkyl groups can be introduced into aromatic, aliphatic or

cycloaliphatic compounds using various methods. The reactants may be of
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Mcd natures, as may also the substrates undergoing substitution, the catalyst

f'nceded to achieve the condensation, as well as the solvents and the conditions

| of the reaction.
4.1.3 Alkylation of Aromatic compounds
4.1.3.1 Alkylating Agents and Catalysts

In aromatics alkylation a hydrogen atom (or other substituent group) of
an aromatic nucleus is replaced by an alkyl group through the interaction of an
alkylating agent in the presence of a Friedel-Crafts catalyst. Alkyl halides,
alkenes and alcohols are the common alkylating agents, although aldehydes,

ketones and various other reagents have also been used (table 4.1.1).

Table 4.1.1 Most frequently used alkylating agent in aromatic

alkylation reactions

Alkyl halides Ethers
Alkenes Aldehydes and ketones
Alkynes Paraffins and cycloparaffins
Alcohols Mercaptans
Esters (of Sulfides
carboxylic and Thiocyanates

inorganic acids)
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AICls, FeCly, BCls, SbCls, ZnCl,, TiClys etc are the Lewis acid type
catalysts used for aromatic alkylation and Bronsted acid type are HF, H,SO,,
H;PO;, etc.

The reactions involved using common alkylating agents in the presence

of aluminium chloride may be written

Ar-H+RX —A%._ 5 ArR + HX
Ar-H+ROH —2¢,. 5 ArR + H,0

Ar-H+R-CH=CH, __*% | R-CH(Ar)-CH;
In the case of alcohols as alkylating agents, it reacts with AlCls.

R-OH + __A¢% | ROHAICL — _
RO-AICL, +HCl ————» R-Cl+ AQCI

It is not necessary for the alcohol-aluminium chloride reaction to go to
completion with the formation of the alkyl chloride, as the intermediate Lewis
acid complex itself contains a sufficiently polarized alkyl group to enter the
reaction. However, the reaction depends very much on the conditions used.
Only catalytic quantities of AICl; are necessary for the reaction of alkyl halide
and alkenes in Friedel-Crafts alkylations, considerably larger quantities of the

catalysts are necessary when alcohols are used as alkylating agents.
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4.1.3.2 Activity of Catalysts

The general order of alkylation activity of metal halide catalysts is
reported to be: AICl> SbCls> FeCly> TiCly, SnCla> TiCle> TeCly> BiCls>
ZnCly>*. The general order of activity of proton acid catalyst is HF> H,SO4>
H1PO,. Activity depends on nature of alkylating agent in addition to the nature
of catalyst and other conditions. For e.g. H;SO4 and H3PO, are most effective
catalysts in alkylation with alkenes and alcohols than with alkyl halides. BBr;
and BCl; are more effective in alkylation with alkyl fluorides than BF;. BBr3
and BCl; cannot be applied in alkylations with alcohols owing to the fact that
they react to give the corresponding borates. The boron halides generally fail to
catalyze alkyl chlorides and bromides, but BF; shows some activity if a proton
donor co-catalyst is present. The choice of a particular Friedel-Crafts
alkylation catalyst depends upon the activities of the substrate to be alkylated
and the alkylating agent, as well as the solvent, the reaction temperature and

several other conditions.
4.1.3.3 Reactivity of aromatics

Electron donor ortho para directing substituents generally facilitate the
alkylation of aromatic rings whereas electron withdrawing meta directing
substituents usually inhibit Friedel-Crafts alkylations by deactivation of the
nucleus. This deactivation can be upset by the simultancous presence of
powerful ortho-para directing groups. A characteristic feature of Friede!l-Crafts

alkylation is a general tendency to form di- and polyalkylated products, besides
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the desired monoalkylates. This 1s particularly the case when simple alkyl

groups such as methyl and ethyl are introduced.

4.1.4 Alkylating agents in Aromatic alkylations

4.1.4.1 Alkyl halides

Alkyl fluoride is the most reactive alkyl halides in alkylation reactions.
AICl; and related catalysts and BF3; were found to be the suitable catalysts for
alkylation of alkyl halides. In case where alkyl halide s used, the catalyst is

required only in minute amounts.

A simple, uncluttered mechanism for the electrophilic substitution
reaction between an arene for e.g., benzene and an alkyl halide, say
chloromethane in the presence of an aluminium chloride catalyst are described

here. Any other chloroalkane would work similarly.

CHsg

AlGl
@ + CH3Ct ——m + HCI

As discussed above, alkylation means substituting an alkyl group into
something - in this case into a benzene ring. A group like methyl or ethyl and

so on replaces hydrogen on the ring. Substituting a methyl group gives toluene.

Cochin University of Science And Technology 174



Friedel-Crafts Alkylation Reactions: Why Heterogeneous Catalysis?

—
The electrophile is CH;’. It is formed by reaction between the chloromethane

and the aluminium chloride catalyst.

CH,Cl 4 AICl,—= CH,* + AICI,

The electrophilic substitution mechanism involves two stages

Stage one

+
CHsg H CHz

@
Cl
[ H CHj AICI3 CH3z
CIMAI‘I—C' HCI
Ci
—_—

The hydrogen i1s removed by the AICly ion, which was formed at the

Stage two

same time as the CH;' electrophile. The aluminium chloride catalyst is
regenerated in this second stage. The methylbenzene formed is more reactive
than the original benzene, and so the reaction doesn't stop there. We may get

further methyl groups substituted around the ring.
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4.1.4.2 Alkenes

Alkenes are industrially the most frequently used alkylating agents
because of their cheapness and availability. The alkenes most frequently
employed are ethylene, propylene, butylenes, amylene etc. Tri, tetra and
pentamers of propylene such as dodecylene, have been frequently used in
alkylations in recent years to prepare alkylates (dodecyl benzene) as starting
materials for detergents. The alkenes employed are easily and inexpensively
available directly form petroleum cracking. As alkenes tend to polymerize in
the presence of acid catalysts they are often employed with excess of aromatics
to suppress polymerization. Most Lewis and Breonsted acids are active as
catalysts in alkylation with alkenes. Catalysts are needed only in small

amounts in alkene alkylation.

CH2CHs

HCL

@ + CHyeCH, —Clay
S’

To put an ethyl group on the ring (to make ethylbenzene), benzene is treated

with a mixture of ethene, HCI and AICls.

The electrophile is CH;CH,". 1t is formed by reaction between the
ethene and the HCI - exactly as if you were beginning to add the HCI to the

ethene.

Cochin University of Science And Technology 176



Friedel-Crafis Alkylation Reactions: Why Heterogeneous Catalysis?

—"

CHfj—-ng = CH;—C&Hp

W
God i~

The chloride ion is immediately picked up by the AICIl; to form an
AICL, ion. That prevents the chloride ion from reacting with the CH;CH," ion

to form chloroethane.

It wouldn't matter if it did react, because chloroethane will react with

benzene using a simple Friedel-Crafts alkylation reaction to give the product.

Stage one
CHaCH3 H_~ CH2CH3

@
Stage two

Cl

-/ N H_ CHiCHs AlCh CHaCHa
C|—A||'~C| HCl

Cl

e o
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4.1.4.3 Alcohols

Primary, secondary as well as tertiary alcohols use the same catalysts as
that of alkyl halides and alkenes. Alcohols are more reactive than alkyl halides.
When we use alcohols as the alkylating agents, it reacts with AICl; and thus
stoichiometric amount of the catalyst 1s required. Although it is not necessary
that the interaction of Lewis acid catalyst with the alcohol should continue
until the formation of the alkyl halide, an equimolar quantity of catalyst is
required to form the primary complex. BF; forms only addition compounds
and is very effective alkylating agent for alcohols. Thus the alkyl halide
formation is not a necessary step for alkylation. In H SOy catalyzed reaction,
alcohol 1s first esterified and the corresponding alkyl sulfate then reacts with

the aromatic compound.

Esters, ethers, alkynes, aldehydes, ketones, lactones, sulfides,

mercaptants, aryl halides etc are the other alkylating agents used.
4.2 DEMERITS OF CONVENTIONAL HOMOGENEOUS CATALYSTS

The use of traditional Lewis as well as Brensted acid homogeneous
catalysts are laden with several problems like difficulty in separation and
recovery of products, disposal of spent catalyst, corrosion, high toxicity etc.
These catalysts also catalyze other undesirable reactions like alkyl
isomerizations, trans alkylation reactions and polyalkylation reactions’. In

order to reduce isomerization and disproportionation in aromatic alkylation
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. catalyzed by AICl;, the reactions are generally carried out at low temperature
(betow —10°C) and in solvents like carbon disulphide and nitromethane, which
present hazards. Moreover these catalysts are moisture sensitive and hence
demand moisture free solvent and reactants, anhydrous catalysts and dry
atmosphere for their handling®. Most of the catalysts have to be added in
stoichiometric amounts, there by adding to the cost of the desired product. The
work-up procedure for reactions using the traditional homogeneous, Brensted
as well as Lewis acid catalysts involves a water quench which prevents the
acid from being reused and on subsequent neutralization leads to an aqueous
salt waste stream. Hence worldwide efforts have been made to replace the

present environmentally malignant catalysts.

Our environment, which is endowed by nature, need to be protected
from ever increasing chemical pollution associated with contemporary
lifestyles and emerging technologies. Developments in water treatment, waste
disposal methods, agricuitural pesticides and fungicides, polymers, material
science, detergents, petroleum additives and so forth have all contributed in
improvement in our quality life. But all these advantages come with a price tag
- of pollution. Cleaner production has been identified as a key method for
reconciling environment and economic development. The basic idea of cleaner
production is to increase production efficiency while at the same time
eliminate or at least minimize wastes and emissions at their source rather than

treat them at the end of pipe after they have been generated.
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The sustainable development, which means the ‘“development that
meets the needs of the present without compromising the ability of future
generations to meet their own needs”, is a must in protection of environment.
Sustainable development’” demands change, requires doing more with lesser
resource input and less waste generation. Instead of end-of-pipe technology, it
requires pollution prevention philosophy, which is: “First and foremost, reduce
waste at the origin- through improved housekeeping and maintenance, and
modification in product design, processing and raw material selection. Finally,
if there is no prevention option possible, treat and safely dispose off the

waste”’.

4.3 GREEN CHEMISTRY

Green chemistry is considered as an essential piece of a comprehensive
program to protect human health and the environment. In its essence green

15 - . . .
115 s a science based non-regulatory and economically driven

chemistry
approach to achieving the goals of environmental protection and sustainable

development.

16-1
&1 must meet,

In order to be eco-friendly, or green, organic synsthesis
if not all, at least some of the following requirements: avoid waste, be atom
efficient, avoid use and production of toxic and dangerous chemicals, produce
compounds which perform better or equal to the existing ones and are bio-
degradable, avoid auxiliary substances, reduce energy requirements, use
renewable materials, use catalysts rather than stoichiometric reagents. These

requirements can be easily met by the concept of green chemistry. In a broad
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sense, green chemistry includes any chemical process or technology that

improves the environment and thus our quality life.

Green strategies include the replacement of organic solvent by water,
altogether elimination of a solvent, the substitution of environmentaily benign
substances to replace toxic heavy metals, development of solid support
reagents and catalysts for synthesis, launching of eco-friendly methods of
organic synthesis, designing of products, which can be recycled or safely
disposable, use of dry media reactions and many other important aspects. The
overall strategy is to virtually eliminate toxic persistent substances from the
environment by allowing no further release or by collecting and destroying the
existing deposits. Harmful synthetic products either should be replaced by

green products or should be synthesized by environment friendly techniques.

4.3.1 Principles of Green Chemistry

The twelve principles of green chemistry proposed by Paul Anastas and
John Warner encompass all aspects on the product and the production level
from prevention to the design of more efficient synthesis, from the design of

less hazardous substances to the use of renewable feedstocks.
1. It is better to prevent waste than to treat or clean up

waste after it is formed.

2. Synthetic methods should be designed to maximize the
incorporation of all materials used in the process into the final

product.
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3. Whenever practicable synthetic methodologies should
be designed to use and generate substances that possess little or no
toxicity to human health and the environment.

4. Chemical products should be designed to preserve
efficiency of function while reducing toxicity.

5.  The use of auxiliary substances (solvents, separation
agents etc) should be made unnecessary whenever possible and when
used, innocuous.

6. Energy requirements should be recognized for their
environmental and economic impacts and should be minimized.
Synthetic methods should be conducted at ambient temperature and
pressure.

7. A raw material or feedstock should be renewable rather
than depleting whenever technically and economicaily practical.

8.  Unnecessary derivatization (blocking group,
protection/deprotection, temporary modification of physical/chemical
processes) should be avoided whenever possible.

9.  Catalytic reagents (as selective as possible) are superior
to stoichiometric reagents.

10. Chemical products should be designed so that at the end
of their function they do not persist in the environment and instead
break down into innocuous degradation products.

1. Analytical methodologies need to be further developed
to allow for real time in-process monitoring and control prior to the

formation of hazardous substances.
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12. Substances and the form of a substance used in a
chemical process should be chosen so as to minimize the potential for

chemical accidents, including releases, explosions and fires.

4.4 ATOM ECONOMY

In order to achieve high selectivity in industries, the practice has
been to use stoichiometric quantities of inefficient reagents that

2021 In this context,

intrinsically ‘create a significant amount of wastes
waste is defined as everything except the intended product. In view of these
trends, Trost*> came up with a new set of criteria upon which chemical
processes can be evaluated for efficiency. These criteria fall under the
category of selectivity and atom economy. Selectivity includes
chemoselectivity, _regioselectivity, diasteroselectivity and
enantioselectivity. Atom economy considers how much of the reactants end
up in the final product. An ideal synthesis is that in which all of the atoms

in the reactants are incorporated into the final product. Roger A.

Sheldon®** has quantified the concept of atom economy.

% Atom Utilization = MW of the desired product x 100

MW of (desired product + waste by products)

Catalysis using AICl; some times needs in stoichiometric amounts,
which generates large amounts of aluminium trichloride hydrate as waste
byproduct, which is generally land filled. But green synthesis uses many

catalysts that is recovered and reused repeatedly.
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The key to achieving the goal of reducing the generation of
environmentally unfriendly waste and the use of toxic solvents and regents is
the widespread substitution of “stoichiometric” technologies by greener,
catalytic alternatives. The first two involve 100% atom efficiency while the
latter is slightly less than perfect owing to the co-production of molecular
water. The longer trend is towards the use of the simplest raw materials ~H,,
0,2, H;0, NH;, CO, CO; — in catalytic low salt processes. For many years
catalysis prouted life and led to evolution. The widespread substitution of
classical mineral and Lewis acids by recyclable solid acids, such as zeolites
and acidic clays, and the introduction of recyclable solid bases, such as

hydrotalcites will result in a dramatic reduction of inorganic waste.

Because of the deleterious effects that many organic solvents have on
the environment and/or health, media such as halogenated hydrocarbons (e.g.,
CHCls, CH,Cl,) are being phased out of use and benign replacements are being
developed. A possible alternative for the use of organic solvents is the
extensive utilization of water as a solvent. Traditionally, water is not a popular
reaction medium for organic reactions due to the limited solubility of many
substrates and also to the fact that a variety of functional groups are reactive
towards water. But recently there had been a revival of interest in water as a
solvent”?® and chemistry in aqueous medium, as it offers many advantages for
a clean green chemistry. The addition of surfactants can strongly modify the

attitude of water to solubilize organic molecules.
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An important incentive for the use of supercritical fluids (SCFs)*’ in
synthetic chemistry comes form this increasing demand for environmentally
and toxicologically benign processes for the production of high value
chemicals. Promoting a reaction photochemically rather than thermally is
greener, since light is the green reagent par excellence. Biocatalysis™, in

contrast involves aqueous environments.

Present study adopts heterogeneous catalysts, for some Friedel-Crafts

alkylation reactions of aromatics that maintain the concepts of green chemistry.
4.5 HETEROGENEOUS CATALYSIS

As we know catalysts have the remarkable property of facilitating a
chemical reaction repeatedly without being consumed. In principle, a catalyst
can function as long as reactants are available. Catalysis is astonishing. Very
small quantities of the most active catalysts can convert thousands or millions
of times their own weight of chemicals. Equally astonishing is just how
selective they can be. A catalyst may increase the rate of only one reaction out
of many competing reactions. Catalysts bring reactants together in a way that

makes reaction more likely.

Catalysts can be divided into two main types - heterogeneous and
homogeneous. In a heterogeneous reaction, the catalyst is in a different phase
from the reactants. In a homogeneous reaction, the catalyst is in the same phase

as the reactants. In a mixture, if there is a boundary between two of the
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components, those substances are in different phases. A mixture containing a
solid and a liquid consists of two phases. A mixture of various chemicals in a
single solution consists of only one phase, because we can't see any boundary

between them.
4.5.1 Working of Heterogeneous Catalysts
Most examples of heterogeneous catalysis go through the same stages:

One or more of the reactants are adsorbed on to the surface of the
catalyst at active sites. Adsorption is where something sticks to a surface. It
isn't the same as absorption where one substance is taken up within the
structure of another. An active site is a part of the surface, which is particularly
good at adsorbing things and helping them to react. There is some sort of
interaction between the surface of the catalyst and the reactant molecules,

which makes them more reactive.

This might involve an actual reaction with the surface, or some
weakening of the bonds in the attached molecules. When reaction occurs, both
of the reactant molecules might be attached to the surfacei or one might be
attached and hit by the other one moving freely in the gas or hquid. The
product molecules are desorbed. Desorption simply means that the product
molecules break away. This leaves the active site available for a new set of
molecules to attach to and react. A good catalyst needs to adsorb the reactant
molecules strongly enough for them to react, but not so strongly that the
product molecules stick more or less permanently to the surface. Silver, for

example, isn't a good catalyst because it doesn't form strong enough
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attachments with reactant molecules. Tungsten, on the other hand, isn't a good
catalyst because it adsorbs too strongly. Metals like platinum and nickel make
good catalysts because they adsorb strongly enough to hold and activate the

reactants, but not so strongly that the products can't break away.

A reaction catalyzed by a heterogeneous catalyst can be represented
by a flow chart.

Step 1 reactant + catalyst
reactant/catalyst

Step2 complex
product/catalyst

Step 3 complex

Step 4 product + catalyst

Running a reaction under heterogeneous catalytic conditions has

several advantages compared to homogeneous catalytic processes:

* Avoids formation of inorganic salts
¢ Regenerable

e Non-toxic

o Easy to handle

» Safe to store, long life time
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+ Easy and inexpensive removal from reaction mixture by
filtration or centrifugation
« Tolerates a wide range of temperatures and pressures

» Easy and safe disposal

From the above discussions, the importance of Friedel-Crafts alkylation
reactions, need for the replacement of homogeneous catalysts and organic
solvents, for the development of eco-friendly nature following the principles of
green chemistry is well understood. We selected some industrially important
Friedel-Crafts alkylation reactions that use pillared montmorillonite clays as
the shape selective solid acid catalyst. In the present study, we are conducting
all the reactions in gas phase, which allows continuous rnin of the reaction and
regeneration of the catalysts within the reactor itself. This method eliminates
toxic organic solvents. The arene and alkylating agents are taken in such a

molar ratio to get good conversion with efficient selectivity.

Alkylation of benzene and toluene with some lower alcohols and
benzene alkylation with higher alkenes for LAB synthesis with high % of atom

utilization are presented in the following 5 chapters
4.6 CONCLUSIONS

The major conclusions at which we reach from the above

discussions are

%Y Friedel-Crafts reactions invented in 1877 is still used as an

important tool in industry.
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¥ The eco-friendly society demands the replacement of the
conventional homogeneous Friedel-Crafts catalysts.

v Heterogeneous catalysis offers solid acids as efficient

alternatives.
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CUMENE PREPARATION

Friedel-Crafis reactions have long been considered, together with the
Grignard reactions as one of the most versatile tool of organic
chemistry. One of its serious limitations is the lack of selectivity in
addition to the challenges it creates for green chemistry. Introduction of
heterogeneous catalysts is proved to be a fruitful area of research in
solving these problems. Because of the occurrence of reactions in the
interlameliar region, which can be considered u bidimensional reactor,
satisfactory reaction rates can be reasonably expected, especially after
suitable modulation of the interlayer distance of clays by pillaring. The
strong demand in chemical industry for phenolic compounds makes
shape selective cumene preparation very important which is efficient

over pillared cluys and is described in this chapter.
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5.0 INTRODUCTION

Cumene, the important petrochemical commodity is still used as the
chief starting material for the co-production of phenol and acetone and thus the
propylation of benzene to yield cumene is an industrially important reaction.
The demand for cumene is expected to grow at a rate of 3.5% a year over the
next few years mainly because of the increased demand for the products which
are obtained by the processing of phenol with other chemicals to produce
various resins, plastics and other value added products such as bisphenol A,
hydroquinol, resorcinol, catechol etc'. Today, more that 90% of phenot
production is met by cumene only. Conversion of cumene to a-methyl styrene
adds the value of cumene. Until recently, solid phosphoric acid and Friedel
Craft’s catalysts like AICl; and BF; were used for 1ts commercial production.
The disadvantages of solid phosphoric acid process lies in its lower activity,
catalyst non-regenerability, unloading of spent catalyst from the reactor,
relatively high selectivity to hexyl benzenes and significant yields of
diisopropy! benzenes and other heavier products’. The AICl; route requires
special materials and coatings to prevent corrosion of equipment, and
additional washing step for catalyst removal. Disposal of spent catalyst also
Creates great environmental hazard. Hence alternative routes employing
environmentally benign molecular sieve catalysts are favoured over

conventional ones.

Use of propene, as alkylating agent, is associated with coke formation

due to its oligomerization, which results in deactivation of catalyst and loss of
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propene. Therefore, the use of isopropanol (IPA) as alkylating agent is
attracting a lot of attention. The relatively low cost, ease of operation, low coke
formation and its extensive use in industry3 * makes IPA as the alkylating agent
in the present study. IPA 1s supposedly helpful in reduction of coke formation
and is dehydrated into propylene and it is the olefin, which is the alkylating

agent.

Almost all zeolites give best conversions at temperatures above 327°C.
Such energy intensive operating conditions constitute a major portion of the
operating costs and need to be cut down to ensure sustenance of any industrial
operation in today’s competitive world. Sasidharan et al’ evaluated the
suitability of NCL-1, a large pore zeolites, to achieve 95% IPAconversion with
70.5% selectivity towards cumene at 230°C at a WHSV of 7 " A 100%
conversion of IPA with 82% selectivity at 225°C at 3.5 h' is reported by
utilizing a unique shape and structural selective modified B-zeolites®. Other
catalysts such as USY’, H-ZSM-5, MCM-41/y A12038 and silicon substituted
aluminophosphate (SAPO)° were found to give low conversions. In all these
processes, use of high temperature resulted into coke formation and catalyst

deactivation.

Thus, there still exists scope to develop better catalysts which would
catalyze the isopropylation of benzene to cumene with excellent conversion
and selectivity at comparatively low temperatures, a practical value of time —

on — stream, ease of preparation, reusability and reactivation of the catalysts.
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The isopropylation of benzene with IPA is a multistep and sequential

-reaction network. The main reaction scheme involved may be represented as in

scheme 5.0.1.

The alkylation with IPA is a complex reaction network. The major
reaction involves alkylation of benzene with propene formed by dehydration of
IPA, to produce cumene. But this reaction is always associated with several
side reactions such as transalkylation, disproportionation, dealkylation etc
which produces a range of products. The alkylation of benzene to cumene is
often accompanied by the formation of n-propylbenzene. Formation of n-
propylbenzene in the product stream is detrimental to the cumene synthesis
process mainly because of difficulty in separating from cumene by distillation
due to their similar physical propertics. This i1s formed either from
isomenization of cumene on the catalyst surface or due to the formation of a
primary C; cation before it alkylate benzene to give cumene. Kaeding and
Holland"® found considerable amount of n-propylbenzene at reaction
temperatures above 250°C. According to them, the isomerization of cumene to
n-propylbenzene is not a favourable reaction at low temperature due to the
wide variation in thermodynamic equilibrium ratios. Other workers also made

the same observations and interferences'".

In the present work, we monitor on a cumene preparation process using

PILCs that operates at low temperature with IPA as the alkylating agent.
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Scheme 5.0.1 Major reactions occurring during benzene isopropylation

S.1 CUMENE FROM BENZENE — INDUSTRIAL PRODUCTION

The manufacture of cumene as a blending agent for high octane
gasoline was carried out during the Second World War on very large scale.
The atkylation catalysts used was H,SO4. The problems related to the use of
free mineral acids were later overcome by using supported phosphoric acid on
Kieselguhr. This catalyst is still largely used for the production of cumene.
However, due to the release of the acid, corrosion problems frequently arise.
Besides, because of the decay also due to the formation of organic residues on

the catalyst surface, at the end life circle this catalyst cannot be regenerated.
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The research efforts for the evolution of the heterogeneous catalytic
systems for cumene production took longer time to reach an industrial
application. The reason lies in increased cumene isomerization to n-
propylbenzene at high temperature of the reaction. Besides, a quite rapid decay
was observed to the Mobil-Badger ethylbenzene ZSM-5 due to the higher

tendency of propylene to oligomerise.

Based on Zeolites (zeolite Y, mordenite, ZSM-12, zeolite Omega,
zeolite Beta and MCM-22) new commercial processes or industrial test runs
were announced in the 1990s by Dow-Kellogg, Mobil-Raytheon, CDTech,
EniChem and Uop. According to Degnan et al. in 2001, 14 cumene units in the

world were already operating with zeolite catalysts’z.

The alkylation of benzene with IPAhas been extensively studied: in one
of the most studies it has been shown that a catalyst based on zeolite Beta is
highly adequate for the reaction, producing results comparable to those

performed in an industrial plant using propylene’”.
5.2 EFFECT OF REACTION VARIABLES

The reaction is done over a wide temperature range, molar ratio and
WHSYV at a time on stream (TOS) of 2 h in order to study the effect of various
parameters on the conversion and selectivity to know the condition for getting
maximum catalytic properties. ZM is the selected catalyst to check effect of

reaction parameters.
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5.2.1 Effect of temperature on conversion and selectivity

Temperature has a paramount influence in the conversion as well as
product distribution for isopropylation of benzene. The results in figure 5.2.1
show that selectivity varies markedly with temperature. At a temperature of
100°C, no conversion occurs at all. Maximum cumene selectivity with good
conversion 1s obtained at a temperature of 150°C, but both di- and tn-

substitution also occurs. Conversion is maximum at 250°C at the expense of

selectivity.
TEMPERATURE OPTIMIZATION
100 A
80 -
°\= 60 T
40 -
20 -
0 -
100 150 200 250 300
Temperature (°C)
—&— % Conversion —— % Cumene Selectivity
—a— % 1,4 DIPB —e— % TIPB

Figure 5.2.1 Effect of temperature on conversion and selectivity at a WHSV of

6.9 h”', benzene/IPA molar ratio 7:1, Time on stream 2 h and Catalyst weight
0.5¢

Cochin University Of Science And Techmﬁogr 199



Chapter 5

Thus a temperature of 150°C is selected as the optimum one as clear from the
figure 5.2.1. Further increase in temperature results in cumene and di-
substituted product. This could be due to the trans alkylation of 1,3,5-
triisopropylbenzene (TIPB) to form cumene as well as diisopropylbenzene

(DIPB)’.

Das et al."* reported the formation of TIPB at temperatures below
165°C. The selecttvity of cumene + DIPB is 100% at and above 200°C in the
present study. Among the di- substituted products we are getting only 1,4
DIPB. This may be due to the restricted porosity developed as a result of
pillaring which leads to the less sterically hindered product. With temperature,
the selectivity towards DIPB increases, reaches a maximum and then
decreases. This is probably due to the fact that initially at lower temperatures,
the alkylation of cumene competes favorably with the trans alkylation of DIPB
with benzene to cumene. However, at higher temperatures the trans alkylation

of DIPB with benzene predominates over the alkylation of cumene.

5.2.2 Influence of Benzene/IPAmolar ratio

Benzene to IPA molar ratio in the feed plays important role in the
conversion as well as selectivity. During the reaction number of moles of
IPA/h/g of catalyst was kept constant. The amount of benzene is changed. Both
converston as well as selectivity increases with increase in the benzene: IPA
molar ratio. At low molar ratio of 4, DIPB and TIPB selectivity is higher due
to the increased alkylation of cumene to DIPB and DIPB to TIPB. With
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_increase in the ratio the selectivity of higher alkylated product decrcased. The
decrease in selectivity of di- and tri- isopropyl benzenes is due to the fact that
trans-alkylation of these products is more favored with increased benzene: IPA
molar ratio. At and above a molar ratio of 10, present systems give cumene as

the only product as seen from figure 5.2.2.

The 1sopropylation proceeds after the dehydration of I1PA to propene. In
an earlier work Siffert et al."” reported that propene is more strongly adsorbed
than benzene on [-zeolite surface. Therefore increase in benzene: propene (in
the present case produced form dehydration of IPA) ratio increases the
possibility of interaction of benzene with catalyst surface resulting higher
selectivity of alkylated product compared to cracking/disproportionation etc.
which is thus absent over the present catalyst systems. Present study assumes
to have a similar process. The higher benzene: |PA molar ratio favours trans-
alkylation of benzene with DIPB and TIPB to produce cumene. At a high
molar ratio of benzene the chance for higher substitution is also minimized,

increasing the cumene selectivity.

The conversion is found to increase with molar ratio. At a ratio of {0
and 14, conversion remains almost constant and at a molar ratio of 20 all
systems shows 100% conversion as well as selectivity. Thus to get a
comparative evaluation on the efficiency of different clay systems for acid

catalyzed alkylation reactions a molar ratio of 10 is selected.

Cochin University Of Science And T cchnology 201



Chapter 5

MOLAR RATIO OPTIMIZATION

100
< 80 4
60 LB L L 1
7 10 14 20
Benzene/IPA

=0~ % Conversion —— % Cumene selectivity

Figure 5.2.2 Optimization of molar ratio at a temperature of 150°C, WHSV of

6.9 h”', Time on stream 2 h, and Catalyst weight 0.5 g
5.2.3 Influence of WHSV

The effect of WHSV on the product distribution is presented in table
5.1.1. Cumene selectivity is found to decrease with WHSV but at a higher
WHSV of 12.1 h' we are getting only cumene as the product with very low
conversion. This may be due to the very low contact time. At a WHSV of 8.7
h'! we are getting cumene and DIPB as products. Further increase in WHSV
results in decreased cumene selectivity. WHSV of 10.4 h™' gives TIPB as one

product. Increase in WHSV to 12.1 h”! as already mentioned drops down the
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conversion below 50% but gives 100% cumene sclectivity. At a WHSV of

'10.4 b', DIPB further alkylates to form TIPB.

Table 5.2.1 Catalytic activity and selectivity at various WHSV

WHSV  Conversion Sclectivity (%)
(" (Wt%)  Cumene DIPB TIPB
6.9 75.3 79.5 20.5 -
8.7 75.0 62.0 38.0 -
10.4 78.2 21.3 458 329
12.1 44.6 100.0 - -

Benzenc/IPA molar ratio 7:1, Time on stream 2 h, Temperature 200°C and Catalyst weight 0.5 ¢

With higher contact times, t.e. at fow WHSV, the DIPBs, which are the
primary alkylated products with cumene, got trans-alkylated leading to higher
cumene sclectivity. Decreased contact time (of 8.7 & 10.4 h'') diminishes the
possibility of trans alkylation of di- and tri- substituted products that resulted

decrease in cumene selectivity.
5.3 MECHANISM OF THE REACTION
The reaction of propene with benzene takes place over Bronsted acid

sites'®. First step i1s the dehydration of 2-propanol to propene. Proton

abstraction from Bransted acid sites results in the formation of carbocation,
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Oligomers

Scheme 5.3.1 A plausible mechanism for benzene isopropylation over

Bronsted acid sites

which alkylates benzene to form the isopropyl benzene after removal of H
back to the catalyst. The mechanism is shown in scheme 5.3.1. According to
classical concepts”, applied later to zeolites'®, alkylation occurs via olefin
protonation, formation of carbonium ion intermediate and subsequent
electrophilic attack on the aromatic n-system to form a benzenium cation
which can re-aromatize by proton loss. The formation of carbonium ion is
believed to be the rate limiting step. A concerted mechanism including
subsequent formation and decomposition of surface alkoxy groups is also
proposed'’®. Since the transition state in this mechanism has a cationic

character it obeys all rules of carbonium 1on formalism.
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5.4 COMPARISON OF DIFFERENT SYSTEMS

The conversion over parent montmorillonite 1s very low with poor
cumene selectivity. n-propylbenzene (20%) and DIPB are the other products.
Dealkylation to toluene and ethylbenzene, and TIPB formation is found to be
absent in the parent system. Na'-exchange increases the conversion and
selectivity. Pillaring improves both conversions as well as selectivity to a great
extent. The enhanced porosity that allows shape selective catalysis within the
pores may be the reason for increased selectivity whereas the increased activity
may be attributed to the introduction as well as exposure of more acids sites
upon pillaring. Among the different pillared systems, AZM gives maximum
conversion. Titania contaiming system, TZM shows side chamn cracking.
Toluene and ethylbenzene 1s formed. TM and TAM give cumene, DIPB and
TIPB, where TCM gives cumene as the only product. From elemental analysis
data (chapter 3, table 3.2.1) it is clear that cumene selectivity increases with
decrease in titanium content and is seen from the activity data shown in table
54.1. Thus Ti may be the active site for side chain cracking. Alumina
containing systems show good conversion, except TAM other Al containing
systems shows 100% cumene selectivity. The conversion is found to be
comparatively low in chromia pillared systems which may be due to their low

acidity values.

It was found?' that very strong acid sites catalyze the isomerization of
isopropylbenzene to n-propylbenzene, particularly at relatively higher

temperatures. Relatively low strong acid sites concentration and the low
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temperature operation avoid the formation of n-propylbenzene over present

clay systems.

Table 5.4.1 Activities of the catalysts for benzene isopropylation at 1 50°C

Catalyst isopropanol Selectivity (%)
Conversion Cumene DIPB/TIPB Toluene/
(wt %) Ethylbenzene
M 393 10.0 70.0 -
NM 68.3 100.0 - -
™ 90.0 31.6 68.4 -
M 94.3 100.0 -
AM 90.3 100.0 -
CM 70.0 100.0 - -
TZM 97.0 79.7 - 20.3
TAM 91.1 71.2 28.8 -
TCM 89.1 100 - -
AZM 100.0 100.0 - -
ACM 88.1 100.0 - -
ZCM 70.7 57.7 423 -

Bcenzenc/IPA molar ratio TU:T, Time on'strcam 2 h, WHSV 6.9 h-T and Catalyst wcight 05 g

5.5 ACTIVITY — ACIDITY RELATIONSHIPS

From the mechanism suggested, it is evident that benzene

isopropylation occurs over Bronsted acid sites and we attempted to correlate
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the catalytic activity with the Brensted site distribution calculated from
cumene cracking studies. Figure 5.5.1 shows a perfect correlation of IPA

conversion over the Brensted acid sites.

CONVERSION VS BROGNSTED ACIDITY
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%
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—8— Conversion (Wwt%) —0— % Bronsted Acidity

Figure 5.5.1 Dependence of activity over Bronsted acid site distribution

An attemnpt to correlatc the activity in the benzene isopropylation
with the acid properties of various clay catalysts is made by plotting the
IPAconversion versus the amount of Bronsted acid sites obtained from TPD of
NH; (weak + medium strength acid sites). Figure 5.5.2 shows a good

correlation between conversion with acid sites responsible for alkylation.
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CONVERSION VS WEAK + MEDIUM
STENGTH ACID SITES
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Figure 5.5.2 Dependence of activity versus amount of weak + medium acid
sites obtained from TPD of NH;

5.6 DEACTIVATION OF CATALYSTS

One of the main advantages of heterogeneous catalysts over
homogeneous ones lies in its reusability. Unlike liquid phase reactions,
reactions carried out in gas phase offers the introduction of more and more
fresh reagents into the catalyst system without any work up. Thus the effect of
time on steam on conversion says the ability of a heterogeneous catalyst. A
catalyst’s efficiency is found to be high when deactivation on continuous run is
low. Figure shows the deactivation of some selected catalysts in benzene

isopropylation in a continuous run of 8 h. There is a decrease in conversion due
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j'to blocking of active sites by coke where selectivity remains constant. M gets
completely deactivated after 4" hour, where NM retains 30% of the initial
activity after 8 h of continuous run. Single pillared systems, AM and CM loses
only 20% of initial activity where mixed pillared AZM and ACM retain 95%
of its activity even after 8 h. The results above indicate the efficiency of
pillaring on clays and say mixed pillaring as more efficient one in catalysis.
Deactivation pattern of different systems are shown in figure 5.6.1. The

increased activity and decreased deactivation of single as well as mixed

pillared clays (P1LCs) are clearly understood form the deactivation pattern.

DEACTIVATION STUDIES
133 B o——— ;
80 - g : x
70 -

Conversion (wt%)
wn
[—]

Y T —Ke=—p—K-——K— K —1——
1 2 3 4 5 6 7 8
Time (h)

—X—AZM ——ACM —4&—CM —O0— AM —%—M —8—NM

Figure 5.6.1 Deactivation of the given systems in the optimized conditions in

continuous run
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5.7 CATALYST REGENERATION

The regenerability of the catalyst within the reactor system is another
attraction of gas phase heterogeneous catalysis. Regeneration of the
deactivated catalysts i1s done by bumning off the coked formed by heating in air
at 500°C for 10 h. The initial activity is regained in all pillared systems
whereas M becomes catalytically inactive towards benzene isopropylation,
which may be due to the structural collapse occurring at comtinuous high
temperature treatment. NM also is non-regenerable, where it becomes
catalytically inactive from the 5™ hour of continuous run in the second cycle.
The regenerated pillared systems shows same trend towards deactivation on

contimuous run and is found to be regenerable up to four repeated cycles.
5.8 CONCLUSIONS

From the above discussions we reach in the following promising

conclusions.

W Present PILCs are found to be efficient catalysts for benzene

i1sopropylation reactions.

W Replacement of environmentally hazardous homogeneous acids and

introduction of green chemistry becomes possible.
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Here we offer a low temperature method for selective cumene
formation when compared to the existing zeolite, mesoporous or

mixed oxide catalytic methods.

The critical role of reaction parameters such as temperature, space

velocity and molar ratio is well established.

The participation of Brensted sites of catalysts in reaction is proved
from the perfect correlation of activity with Brensted acid site

distribution.

Deactivation is found to be very low over PILCs, especially over
mixed pillared montmorillonite when compared to parent or ion-

exchanged montmorillomte.

The regenerability and high thermal stability offered to
montmonillonite clays upon pillaring s evident from the preceding

discussions.
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Chapter 6

SHAPE SELECTIVE P-CYMENE
PREPARATION OVER PILLARED CLAYS

The development of new green catalysts is a challenging area in organic
synthesis. A number of such catalysts have been reported, which exhibits
much higher catalytic efficiency and more eco-friendliness. Among the
green catalysts, clays possess its own pluce in organic synthesis due to
its tunable acidity and high level tolerance towards experimental
conditions & functional groups upon modifications. This chapter deals
with toluene isopropylation for selective p-cymene synthesis due to its
crucial role as an intermediate in pharmaceutical industries in addition
to many industrial applications. Higher substitution, the major problem
associated with all types of catalysts is minimized to large extent in the

present study.
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—

6.0 INTRODUCTION

Catalyst reforming process produces toluenc as a major product and is
much abundant and of low cost, thus the conversion of toluene to valuable
products is of current interest’. Isopropylation of toluene produces p-cymene,
which is an important intermediate used in pharmaceutical industries and for
the production of fungicides, pesticides, as flavoring agent and as a heat
transfer medium’. In many petrochemical plants, p-cymene is produced by
alkylation of toluene with propene or 2-propanol over the Friedel — Craft’s
catalysts such as HCI containing AICl;, BF; or H;SOs. However the use of
these homogeneous acids gives rise to many problems regarding handling,
safety, corrosion and treatment of the disposed catalyst. In addition, because
the reagents are mixed with acids, separation of the products from the catalyst
is often a difficult and energy consuming process. Solid acid catalysts solve
this problem and are considered to be candidates for the alkylation catalysts3'5 .
The common heterogencous catalysts used for p-cymene preparation are

zeolites, mesoporous molecular sieves and mixed metal oxides.

Shape selective conversions of benzene and toluene by alkylation over
zeolites catalysts have been extensively studied®’. Medium pore zeolites (pore
diameter 3.5 — 5.6 A) such as ZSM-5 and ZSM-35 have already been studied
in a number of these processes due to the advantage that they presentx’g.
Nevertheless there are a few studies concerning the selective conversions on
mesoporous materials and pillared clays (PILCs). Catalytic alkylation of

toluene is also used as a good probe reaction for selectivity studies'’. This
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reaction 1s taken as a model with the aim to identify potential solid acid

catalysts for alkylation reactions of industrial interest.

Possible alkylation products from toluene and isopropanol are mainly
isopropyltoluenes (para, meta and ortho) and ditsopropyltoluenes (DIPT).
Regarding para isopropyltotuene (p-IPT) it has a smaller kinetic diameter.
Thus this isomer is expected to be selectively formed into the channels of some

10

shape selective zeolites such as ZSM-5".p-IPT is formed as the primary

product of isopropylation which do not easily isomerizes to the m-IPT.

Some researchers reported that in the gas phase alkylation of toluene
with 2-propanol using different large pore zeolites such as mordenite and Y (T
= 250°C), para selectivity (46.0 %) is higher in mordenite than in Y (37.6 %)
zeolite. An increased selectivity of cymene in the gas phase alkylation of
toluene with 2-propanol was reported using different large zeolites at a lower

temperature (180°C)'".

Perego et al.'? and Cejka et al." have used rich Al contents of MCM-
41, and obtained 85 % and 90 — 97 % selectivity of cymenes prepared using
propene and toluene in the low temperature range of 180°C - 250°C under
liquid reaction conditions. However, the percentage of p-cymene in the
cymene mixture was only 37 - 47 %' and 38_%'2. Selvaraj et al.'*"” have used
low Al content and a combination of low Al and Zn using 2-propano! and
toluene in the temperature range of 225 - 275°C under vapour - phase reaction

conditions over mesoporous matenals.
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Owing to its low cost and extensive use n industry present study had
chosen 2-propanol as the alkylating agent instead of propene. The reaction is

shown in scheme 6.0.1

+
+ HO < Catalyst
-H,0
+

Scheme 6.0.1 Toluene isopropylation reaction over acid catalysts giving ortho,

para and meta- substituted products

6.1 EFFECT OF REACTION VARIABLES

The effect of reaction parameters such as temperature, WHSV and

toluene/2-propanol molar ratio on the conversion and p-cymene selectivity is
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investigated. The variation of catalytic activity with reaction parameters is
studied using CM as the reference catalyst.

6.1.1 Variation with reaction temperature

Figure 6.1.1 clearly shows the variation of conversion and p-cymene

selectivity with temperature. Maximum conversion and selectivity is obtained
at 200°C.

TEMPERATURE OPTIMIZATION

60 -

40

%

20

Temperature (°C)

—o— % Conversion
— % p-cymene selectivity

—o— % Diisopropyltoluene selectivity

Figure 6.1.1 Vanation of temperature at Toluene/isopropanol molar ratio 3:1,
Time on stream 2 h, WHSV 6.8 h™! and Catalyst weight 0.5 g

At higher reaction temperature, both the conversion and selectivity are

found to decrease. This may be due to de-isopropylation and formation of
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propene by dehydration over Brensted acid sites'®. At a low temperature of
150°C no conversion occurs at all. Only at a temperature of 300°C
diisopropyltoluene formation occurs. Side reactions such as toluene
disproportionation and cracking are found to be absent over the present catalyst

at all temperature used.
6.1.2 Variation with WHSV

Isopropylation of toluene is carried out at WHSV of 6.8 b — 11.9 h!
and a temperature of 200°C. The results of the vanation of percentage
conversion of isopropanol and p-cymene selectivity with different WHSV

values are shown in figure. The best WHSV value for this reaction is 6.8 h™'.

EFFECT OF WHSYV

60
=~
40 %
°
20 Al T T 1 L

6.8 8.5 10.2 11.9
WHSYV (/h)
—a— % Conversion

—— % p-cymene selectivity

L)
o

® % Diisopropyltoluene selectivity

Figure 6.1.2 Optimization of WHSV at a temperaturc of 200°C,

Toluene/isopropanol molar ratio 3:1, Time on stream 2 h and Catalyst weight

05¢
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As the WHSV value is further increased, the percentage conversion
decreases and at a WHSV of 11.9 h™' disubstituted product formation occurs.
The low conversion with increase n WHSV may be due to the deactivation of
catalyst by coke formation'®. It may be assumed that at higher WHSV, because
of the less effective diffusion of the toluene molecule into the interior surface
of the catalyst, reaction occurs outside the pores, thus no shape selective

catalysts occurs which leads to disubstituted product.
6.1.3 Variation with toluene/2-propanol melar ratio

Isopropylation of toluene is carried out over various toluene/2-propanol

molar ratios, where we get cymenes as the major products.

EFFECT OF MOLAR RATIO

60 -
X s 4
40 v T L v

3
toluene/isopropanol

—0— % Conversion

—&— % p-cymene selectivity

—o— % Diisopropyl toluene selectivity

Figure 6.1.3 Optimization of molar ratio at a temperature of 250°C, WHSV
6.8 h', Time on stream 2 h and Catalyst weight 0.5 g
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At a molar ratio of 1:1, we are getting diisopropyl toluene as one of the
products. Increase in molar ratio results formation of ortho and para cymenes
as the only products. Maximum p-cymene selectivity is obtained at a
toluene/2-propanol ratio of 3 as seen in figure 6.1.3. Eventhough we are getting
maximum conversion at a molar ratio of 1, the p-cymene selectivity is found to
be very poor. Increase in molar ratio from 3 decreases both conversion as well
as selectivity and at a molar ratio of 10, we are getting ortho cymene as the
major one. The decreasing conversion may be attributed to increase in coke
formation. Hence the optimal molar ratio of toluene: isopropanol is 3:1 at a

reaction temperature of 250°C.

6.2 MECHANISM OF THE REACTION

~—M-O-H —~M-O-H H .
| + H- N | N
— M-O-H —M-0- /
H
i -H,0
—M-O-H

3 —I\IA-O-H
- +
M—
4 I — M-0O-H
H-O-M—

Scheme 6.2.1 Electrophilic aromatic substitution of 2-propanol on toluene in

the presence of a solid acid catalyst
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The isopropylation of toluene with 2-propanol is an electrophilic
substitution reaction on the aromatic ring. lsopropylation reactions catalyzed
by acids or solid acids are generally considered to proceed via carbonium ion

mechanism as shown in scheme 6.2.1.
6.3 COMPARISON OF DIFFERENT SYSTEMS

In the optimized reaction conditions the catalytic activities of various
systems are tested which gives an idea about the performance of different clay
systems in catalytic shape selective alkylation reactions. All PILCs except AM
gives conversion above 50%. Sabu et al.'” suggested that the isopropylation of
toluene (aromatic alkylation) requires sites of high acid strength where as the

dehydration of 2-propanol takes place even on weak acid sites.

Table 6.3.1 Activities of the catalysts for toluene isopropylation at 200°C

Catalyst isopropanol Selectivity (%)
Conversion p-Cymene  0-Cymene Di/Tri
(Wi %) Substitution
M 36.5 33.6 7.9 53.7
NM 46.2 14.0 11.6 74.3
™ 66.6 57.9 42.1 -
™ S5.1 58.9 41.1 -
AM 48.1 59.1 40.9 -
CM 56.9 56.0 44.0 -
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TZM 78.5 47.0 277 253
TAM 53.0 58.8 41.2 -
TCM 62.0 57.1 299 13.0
AZM 58.9 61.7 38.3 -
ACM 67.5 63.5 36.5 -
zCM 68.1 338 325 33.7

Toluenc/isopropanol molar ratio 3: T, Timc on sircam 2 b, WHSV 6 8 h-T and Catalyst weight 0.5 g

Both M and NM shows higher substitution and low conversion.
Conversion of parent montmorillonite increases on Na' ion exchange at the
expense of cymene sclectivity which gives diisopropyltoluene as the major
products. M results in ortho, para and meta (4.8%) cymenes as the products. m-
cymene formation is found to be absent over all other catalyst systems. Also
disproportionation as well as cracking is found to be absent over the present
clay catalyst systems. Pillaring allows shape selective catalysis within the
pores to get p-cymene as the major product. Higher substitution occurs only
over TZM, TCM and ZCM. In the present conditions all other PILCs shows
100% cymene selectivity. Table 6.3.1 shows the catalytic activity as well as
selectivity of each system. Manivarnan et al'* reported formation of isobutyl
benzene as major product in their study and is found to be absent over the

present catalyst systems.
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6.4 ACTIVITY — ACIDITY RELATIONSHIPS

We attempted to correlate the conversion with total acidity obtained
from ammonia TPD measurements and got a very good correlation between
activity and acidity showing the occurrence of toluene isopropylation of
toluene over acidic sites supporting the suggested mechanism. Figure 6.4.1
shows the correlation of isopropanol conversion with the total amount of acid

sttes in mmol/g obtained from TPD of ammon:a.

CONVERSION VS TOTAL ACIDITY
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Figure 6.4.1 Correlation diagram of conversion with total acidity

We also tried to correlate conversion with strong acid sites as Sabu et
al.'” suggested that the isopropylation of toluene (aromatic alkylation) requires

sites of high acid strength (Figure 6.4.2).
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CONVERSION VS AMOUNT OF STRONG ACID
SITES
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Figure 6.4.2 Correlation diagram of conversion with amount of strong acid

sites
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Figure 6.4.3 Correlation diagram of conversion with amount of weak +

medium acid sites
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The correlation diagram in figure 6.4.3 suggests that weak + medium
acidic sites may also contribute to the reaction. Here also we are getting good

correlation.

6.5 DEACTIVATION STUDIES

The activity of the catalyst systems are tested at vanous time intervals
at 8 hours of continuous run in order to check whether the catalysts get
deactivated or not. Due to the high amount of coke formed and structural

instability, both M and NM becomes completely deactivated from 5™ h

onwards.
DEACTIVATION STUDIES
:\; 60 1
E
g
w0
5
z 20 -
(=]
!
0
1 2 3 4 5 6 7 8
Time (h)
—o— ACM - AM —&—CM —6—NM —»%—M

Figure 6.5.1 Deactivation of the given systems in the optimized condittons in

continuous run
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The pillared systems selected for deactivation studies retain the activity

even after 8 h as seen from fig. 6.5.1. The selectivity remains constant in all the

" and then conversion

cases. There is initia) sharp decrease in activity up to 5
remains almost constant. This implies that the coke formed during the reaction
is not sufficient to block all the catalytically active sites. The retention of initial
activity is greater in mixed pillared system when compared to single pillared
systems which supports that mixed pillaring is most efficient when compared
to single pillaring. The retained activity is 41.3%, 57.4% and 79.4% for AM,

CM and ACM respectively.
6.6 REGENERABILITY OF THE CATALYSTS

The Regenerability of the deactivated catalysts are done by buming off
the coke formed by heating in air at 500°C for 10 h and is again used for
continuous run. Both M and NM are found to be non-regenerable even after
the complete coke removal at 500°C which may be due to the low thermal
stability that leads to structural collapse during prolonged high temperature
treatment. A similar pattern as in the 1* cycle is obtained for PILCs in
continuous run of 8 hours. It has been found that even after 4 regeneration
cycles the activity, i.e. both conversion as well as selectivity rematns same as
in the initial cycle, showing the efficiency of pillaring in the retention of layer

structure at a high temperature of 500°C.
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6.7 CONCLUSIONS

From the preceding discussions we arrive at the following conclusions.

sy

PILCs are found to be good catalysts for p-cymene preparation

where higher substitution 1s found to be minimal or even absent.

The reaction parameters that influence both conversion and
selectivity can be optimized in such a way to get maximum
catalytic efficiency.

Running the reaction in gas phase avoids toxic solvents present in

liquid phase reactions and permits continuous use.

7 Present systems show good conversion and selectivity when

compared to the reported catalyst systems.

The decreased deactivation upon pillaring improves the reusability

of montmorillonite in continuous run.

The regenerability upon piilaring and improvement upon mixed

pillaring is proved.
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Chapter 7

ETHYLBENZENE FROM ETHANOL AND
BENZENE

The petroleum industry is presently faced with increasingly stringent
requirement regarding transportation fuels’ specifications, and since the
last few years, great effort is being made to decrease the concentration
of sulfur and nitrogen compounds in gasoline and diesels. However
among the toxic and pollutant compounds of gasoline, benzene is
considered as a powerful cancer producing agent and its content in the
reformulate gasoline must be reduced. In the gasoline, benzene mainly
comes from the catulytic reformate, and therefore, the reduction of
benzene production could be obtained by minimizing its formation
during the reforming process, or by eliminating the benzene- rich light
reformate stream by extraction or conversion. Taking into account
economical and practical considerations as hydrogen production, octane
number of the resulting gasoline, market of petrochemical products etc.,
the transformation of this toxic compound by alkylation appears to be
the best alternaiive. This chapter deals with the shape selective
conversion of benzene to ethylbenzene using PILCs as the efficient

alternative to homogeneous catalysts.
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7.0 INTRODUCTION

Ethylbenzene (EB) is an important raw material in the petrochemical
industry for the manufacture of styrene, which is one of the most important
industrial monomers world wide capacity of EB production is about 23 million

! EB is primarily produced by benzene alkylation with

metric tons/year
ethylene, and in commercial process the reaction has conventionally been
catalyzed by mineral acids such as AICl; or phosphoric acid®. However,
handling, safety, corrosion and waste disposal problems commonly associated
with the conventional Friedel-Crafts catalysts have prompted the development
of new technologies in which solid acids such as zeolite based catalysts are
used to catalyze the direct alkylation of benzene with f:thylene3 . In this way,
several commercial processes have been developed in the past few years for
the production of EB based on zeolite catalysts’”’. In the production of EB, the
AlCl;-based processes are progressively substituted with zeolite-based
processes. The most recently reported process makes use of MCM-220r SSZ

813 Although EB has been largely studied over zeolites,

25 as alkylating agents
studies with molecular sieves and pillared clays (PILCs) are scarce. Lenarda et
al. reported aluminium and aluminium-gallium pillared bentonites for benzene

alkylation with ethylene'.

Ethylation of benzene is carried out over P1L.Cs (scheme 7.0.1). Considering
the availability and easiness for handling instead of ethylene we use ethanol as
the alkylating agent. Here the dehydration [ethanol to ethylene] and alkylation

Steps are combined in to a one stage operation. NCL Pune, India developed a
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process called Albene technology that uses ethanol instead of ethylene in one
step EB process based on a stabilized Enclilite catalyst'®. As the ethylation of
benzene with ethanol requires prior formation of ethyl cation, the reaction
requires the presence of Bronsted acid sites on the catalyst surface (Scheme

7.0.1)'.

/\OH ———= CH "__—:CH2

+CH-——CH —-———<S

igm_m_.@
o

Scheme 7.0.1 Benzene ethylation reaction over acid catalysts

7.1 ETHYLBENZENE PRODUCTION INDUSTRY

From the point of view of production volume, the acid catalyzed

alkylations are by far the most important. In 2002 the world overall demand for
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benzene was around 33 million tons. Alkylbenzene derivatives account for
about 75% of the total benzene production. Transalkylation is often combined
with alkylation in order to convert low valued by-products such as
potyalkylobenzene in to their monosubstituted homologues, globally

improving the efficiency of the process.

In the traditional process, developed since the 1930s, the alkylation is
performed by reacting benzene and ethylene in the presence of Friedel-Crafts
catalysts (AICI;-HCIl) under mild conditions. The highly toxic and corrosive
nature, danger in handling and transport, the separation difficulty and the
environmental problems replaces these Friedel-Crafts catalysts by

heterogeneous solid acid catalysts.

Starting from the mid-1960s different zeolite-based catalysts were
extensively evaluated in the alkylation. In spite of the big effort, it still took 10
years to accomplish the first industrial alkylation process based on a zeolite
catalyst, which in fact occurred in 1976. Since 1976, the medium pore zeolite-
ZSM-5 has been used in the Mobil-Badger process for the vapour phase

alkylation of benzene with cthylene' "’

Starting from 1980, the Mobil-Badger process has been extensively
applied in the atkylation units. Recently a new process was developed by UOP/
Lmmus/ Monsanto/ Unocal/ Chemical Research-Licensing™. The catalyst is
based on Y-type zeolite and it operates at much lower temperatures and higher

pressure at which the feedstock is in liquid phase. Later improvements were
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obtained by introducing the liquid phase alkylation and a separate step of
transalkylation. The development of the liquid phase process by
UOP/Lummus/Unocal®’, was first commercialized in Japan in 1990, with a
catalysts based on zeolite Y. Chevron (USA) and EniChem (Europe)zo have
claimed more recently the use of zeolite MCM-22 and is also introduced as
efficient and selective catalyst. Some processes that are used in EB industry are

EBMax*™ EBOne, CDTECH etc?>?,

Of around 70 EB units operating in the world, 24% are still based on
AICl3-HCI. The rest are based on zeolite catalysts: 40% in the gas phase and
36% in the liquid phase®.

7.2 EFFECT OF REACTION VARIABLES

The influence of reaction parameters over ethanol conversion and EB
selectivity is studied using TM as the reference catalyst to know the optimum

conditions of the reaction.
7.2.1 Effect of Temperature

There is a linear response of conversion with increase in temperature,
but the conversion remains almost constant at 350°C and 400°C as seen from
figure 7.2.1. Reaction at a high temperature of 450°C produces toluenc as

12

major product due to cracking over PILC. Kato et al.”> reported toluene and

xylene formation as a result of cracking and isomerization at high temperatures
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during alkylation of benzene with ethane over platinum- Joaded zeolite

catalysts.

TEMPERATURE OPTIMIZATION

100 -
80 -
60 -
40
20 -

%

300 350 400 450
Temperature (°C)

—&— % Conversion —— % Ethylbenzene selectivity

Figure.7.2.1 Effect of temperature on conversion and sclectivity at a WHSV of
6.9 h"', benzene/cthanol molar ratio 4:1, Time on stream 2 h and Catalyst

weight 0.5 g

Over the PILC, poly alkylation is not observed which may be due to the
rapid diffusion of the products. Thus considering conversion with high EB
selectivity we selected a temperature of 350°C as optimum one for further

studies.
7.2.2 Effect of WHSV

Figure.7.2.2 illustrates the influence of WHSV on conversion as well as

selectivity. The conversion first increases and then decreases with WHSV.
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Over the pillared system, at a WHSV 6.9 h™, in the given temperature and
molar ratio, we are getting maximum conversion. Change in WHSV decreases
conversion and thus we selected 6.9 h™' as the suitable WHSV for the further
studies. At all WHSV sclected for the present study EB is selectively formed

without any higher substitution, cracking etc.

WHSYV OPTIMIZATION

100 ~ | —8— —— —8
80 -
60

X
40 1
20 1 ‘/“\.b’_‘
0 ¥ — T
5.2 6.9 8.6 104
WHSY (/h)
—a— % Conversion —8— % Ethylbenzene selectivity

Figure.7.2.2 Effect of WHSV at a temperature of 350°C, benzene/ethanol

molar ratio 4:1, Time on streamn 2 h, and Catalyst weight 0.5 g

7.2.3 Effect of molar ratio

The influence of molar ratio on conversion is studied at 350°C. From
figure.7.2.3 it is clear that the selectivity of EB at a molar ratio of 1:1 is very
less due to the formation of polyalkylated products. The polyalkylated product
formed is PDEB (p-diethylbenzene), there is no formation of MDEB or ODEB
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due to steric hindrance. Polyalkylation is due to the increased amount of
ethanol and is absent with increase in the amount of benzene (to a molar ratio
of 2:1 and higher). We are getting good conversion with 100% EB selectivity

at a molar ratio of 4:1.

MOLAR RATIO OPTIMIZATION

*

10¢ - >
0 . /
X 60
40 4
20 - \O/\O
0 T ; T -
1 2 4 6
Benzene/ethanol

—0— % Conversion —— % Ethylbenzene selectivity

Figure.7.2.3 Effect of molar ratio at a temperature of 350°C, WHSV of 6.9 h”’,

Time on stream 2 h and Catalyst weight 0.5 g
7.3 MECHANISM OF THE REACTION

It 1s well known that the Friedel-Crafts alkylation of benzene with
ethylene over acidic zeolites take place via the generally accepted carbonium
ion mechanism'* illustrated in scheme 7.3.1. On the basis of this mechanism,
the ethanol is first dehydrated to ethylene; the ethylene molecule is protonated

by the Brensted acid site to a carbonium ion that generates, by electrophilic
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attack an aromatic zn-electron, a mono- or poly- alkyl benzenium ion.

Desorption of the latter and the loss of proton gives the alkylated aromatic and

restores the Bronsted acid site.

2

+
Cmcm+[:j

CH,-CH,0H ——— C
H,0

+H
CH=CH, ===

H
-H+
H

|-|2_—~CH2

+
CH,-CH,

Scheme 7.3.1 A plausible mechanism for benzene ethylation over Bronsted

acid sites

Elucidation of the reaction mechanism of benzene alkylation on

heterogeneous catalysts is of great interest from an industry point of view,

understanding the alkylation mechanism could help in optimizing the reaction

conditions and designing a2 new catalyst for a more efficient process. However,

the reaction mechanism of alkylation of aromatics with short chain olefins on

zeolite type catalysts is not yet clearly understood. Venuto et al?® and

Cochin University Of Science And Technology

239



: Chapter 7

—

Weitkamp®’ suggested that the alkylation of benzene with ethylene over acidic
faujasite and ZSM-5 zeolites takes place by Eley-Rideal mechanisin. Corma et
al.!! reported the Eley-Rideal mechanism for alkylation of benzene with
propene over MCM-22. While the Langmuir-Hinshelwood mechanism of
alkylation of benzene with short chain alkenes has also been repox’tedzs’zg.
Recently Panagiotis and Ruckenstein™ suggested that the size of the pores of
the zeolites in combination with the size of the aromatics and the alkylating
agents could regulate the alkylation mechanism. In the case where the size of
the aromatic molecule is comparable to the pores of the zeolite, the alkylation
proceeds via the Langmuir- Hinshelwood mechanism. For large pore zeolites

such as faujasite and beta zeolites, the alkylation occurs via the Eley-Rideal

mechanism.

Lenarda et al." assumed the ethylation of benzene over aluminum and
aluminium- gallium PILCs proceeds according to the Langmuir-Hinshelwood
mechanism. We, having comparable interlayer spacing assume the same
mechanism, the rate determining step being the reaction between benzene
molecules adsorbed on aprotic sites probably better coordinate the benzene
molecules allowing an easier reaction with the ethylene adsorbed on the protic

sites.

7.4 COMPARISION OF DIFFERENT SYSTEMS

Vijayaraghavan and Raj'® had reported ethylation of benzene with

¢thanol over aluminophoshate based molecular sieves. The various products
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formed include para and meta diethylbenzene and polyalkylated benzenes in
addition to EB. Lenarda et al.'* reported ethylation of benzene with PILCs.
Here alkylating agent selected is ethylene. Selectivity of EB is found to be up
to 86%. Platinum loaded zeolites reported by Kato et al.”> showed toluene,
xylene, styrene and cumene as the side products. Thus the development of a

catalyst with 100% EB selectivity is challenging.

The activity and selectivity to EB over various systems are shown in
table 7.4.1. The present catalyst systems are highly shape selective and we are
getting EB as the only product except in the unpillared systems M, the parent
montmorillonite as well as pillared TAM and AZM where diethylbenzene is
also formed. M results in all possible disubstituted products while pillared
systems gave only para diethylbenzene. Thus the development of uniform
porous structure upon pillaring is well established in addition to the
characterization techniques used. ZM gives maximum conversion. Ti and Zr
containing systems show good conversion that decreases with decrease in the

metal content.

Table 7.4.1 Activities of the catalysts in Benzene ethylation reaction at 350°C

Catalyst Conversion EB selectivity
(Wt%o) (%)
M 12.4 43.0
NM 17.5 100.0
™ 30.1 100.0
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ZM 63.0 100.0

AM 20.8 100.0

CM 18.8 100.0
TZM 474 100.0
TAM 18.5 58.0
TCM 19.5 100.0
AZM 88.6 48.2
ACM 14.07 100.0
ZCM 37.66 100.0

Benzenc/cthanol molar tatio 4T, Trme on strcam 2 h, WHSV 6.9 hT and Catalyst weight 0.5 g

Activities of Cr single as well as mixed pillared systems are found to be
low except that of ZCM. The increased conversion over ZCM may be due to
the presence of very low amount of Cr and high percentage of Zr as clear from
the elemental analysis data (chapter 3, table 3.2.1). The low conversion over
alumina single pillared system increases upon mixed pillaring except in ACM.
These observations clearly show the efficiency of Zr and Ti in benzene

ethylation reaction.

The high selectivity of EB and the absence of polyalkylbenzene over
PILCs in the optimized conditions may be due to the rapid diffusion of the
product and the increased layer distance which allows intercalation of more
and more reactants within the layers where shape selective constraints feads to
EB as the only product. The conversion over P1LCs is comparable with carlier
reports for the ethylation of benzene with ethylene over aluminium gallium

mixed pillared bentonites'?, but with increased sclectivity.
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7.5 ACTIVITY - ACIDITY RELATIONSHIPS

CONVERSION VS BRONSTED ACIDITY

01 T T T T T T T T Ly T L]

M NM ™ ZM AM CM TZM TAM TCM AZM ACM ZCM

Catalyst

—e— Conversion (wt%) —&— % Bronsted Acidity

Figure 7.5.1 Correlation diagram for Brensted acidity and ethanol conversion
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Figure 7.5.2 Correlation diagram of conversion with amount of weak +

medium strength acid sites obtained from TPD of NH,
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The ethanol conversion is correlated with the Brensted acidity obtained
from cumene cracking reactions and TPD of NH;, where we get good

correlation as evident from figures 7.5.1 and 7.5.2.

7.6 EFFECT OF TIME ON STREAM; DEACTIVATION STUDIES

As expected, there is a decrease in conversion with increase in time on

stream due to blocking of active sites by coke.

DEACTIVATION STUDIES

100 -

80 -

Conversion (wt %)

0 T T T —i—8—
1 2 3 4 5 6 7 8

Time (h)

——ZCM —— AZM —— ACM —0— M
—-#-NM ——TM

Figure 7.6.1 Deactivation of the clay catalysts in the optimized conditions in

continuous run
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Rapid decrease in activity of the catalysts with time might be due to the
microporous nature that offers much diffusional constraint for the primary
product facilitating formation of coke. The activity decreases sharply but even
after 8 h retains around 50% activity over PILCs showing that the coke formed
1s not so effective to block all the catalytically active sites present (Figure
7.6.1). The selectivity remains unaffected with time. From the percentage
retention of initial activity, among the pillared systems, Cr containing systems
shows more deactivation which may be due to heavy coke formation. Both M
and NM shows high amount of coke formation and becomes catalytically
inactive from 4™ h onwards. The retained activities (%) after 8 h are 52.0, 79.7,
549 and 50.0 for ZCM, AZM, ACM and TM respectively. Thus the

deactivation is found to be low over mixed pillared systems.

7.7 REGENERATION STUDIES

Regenerability is an important property which is non attainable with
homogeneous catalysts where the catalyst becomes deactivated after the
reaction. The separation of the catalysts from the reaction mixture is very
difficult and the use of costly catalysts is restricted. Introduction of
heterogeneous catalysts solves this problem. In addition to the possibility of
continuous run, the solid catalysts can be regenerated when it 1s deactivated.
The regenerability of the catalysts is done by buming of the coke formed in air
at 500°C. Pillaring process improves catalytic activity and selectivity,
decreases deactivation and provides regenerability for montmorillonite clays in

benzene ethylation reaction. M and NM becomes non regenerable which may
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be due to structural collapse by continuous high temperature treatment.
Pillaring gives thermally stable porous structure to clays which retains the
initial activity after regeneration. From figure 7.7.1 it is seen that the pillared
systems are showing complete regencration of catalytic activity cven up to four

repeated cycles.

REGENERATION STUDIES

,_\100-

° O 3 -{}— -

< 80}

X3

= 60 -
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g ?1 \

&)

[1] v © T -——y

1 2 3 4

Numner of cycles

——T™M —&—NM -—»—M —O0—ACM
—%X—=ZCM —O— AZM

Figure 7.7.1 Activity of different regenerated systems in repeated cycles

7.8 CONCLUSIONS
The major conclusions from the above discussion are

%7 PILCs are found to be better catalysts over montmorillonite for benzene

ethylation reaction.
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K
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o

We use the alkylating agent ethanol instead of ethylene considering the

availability and easiness for handling.

The successtul use of solid acid catalyst instead of environmentally

hazardous homogeneous catalysts 1s well established.
We introduce PILCs as efficient alternative to the commonly used
zeolite catalysts because PILCs can be prepared under moderate

conditions with much simple procedures compared to zeolite synthesis.

The role of reaction parameters to get increased catalytic activity is

proved.

The 100% EB selectivity is the main attraction when compared to

literature.

Deacttvation is found to be low over PILCs.

One important property imparted to montmorillonite clays upon

pillaring is regenerability.
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TOLUENE METHYLATION: AN
ALTERNATIVE ROUTE TO XYLENE
PREPARATION

The most important role of a catalyst is to provide selectivity to direct a
chemical reaction along a very specific, desired path. If almost all of the
catalytic sites are confined within the pore, the fate of a reactant
molecule and the probability of a specific molecule being produced are
affected by their molecular dimension and configuration. Only a
molecule whose dimension is smaller than the pore size can enter the
pore, having access lo internal catalytic sites and react there.
Furthermore, only a molecule that can leave the pore can appear in the
final product. The concept in selectivity due to such a steric effect, which
is called as shape selectivity is obtained by pillaring of montmoritlonite
clays, whereas pillars prop open the clay layers. This increases the
accessibility of reactant molecules 1o the interlamellar catalytic sites,
resulting in a high catalytic activity. This chapter deals with the shape
selective toluene methylation where the shape selective constraints limit
higher substitution to get xylenes as the major product over pillared

clays (PILCs).
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8.0 INTRODUCTION

The Friedel-Crafts alkylation reaction is a very uscful tool for the
synthesis of alkylaromatic compounds both in the laboratory and on an
industrial scale’. The reaction is generally carried out with alkylating reagents
such as alkenes, alkyl chlorides and alcohols by using a stoichiometric amount
of Lewis and Bronsted acids’. In recent years, the use of heterogeneous
catalysts has greatly increased due to their advantages such as high activity and
selectivity, reusability, ease of separation, no corrosion or disposal of effluent
problems, regenerability, etc’. Various catalysts for the alkylation reaction of
aromatic compounds with alkenes, alcohols or alkyl chlorides such as zeolite*,

nafion-H’ and clays® have been used.

The reaction of methanol with aromatic molecules is a key reaction, as
it has been claimed that methylbenzenes are the organic reaction centers in the
MTO (methanol-to-olefin) process7. For this reason, the reaction of methanol
with benzene and toluene can be seen as a model reaction for zeolite/solid acid

catalyzed reactions.

Shape selective xylene preparation by alkylation of toluene with
methanol (scheme 8.0.1) is an interesting way as an alternative route to the
conventional adsorption separation of xylene isomers or toluene
disproportionation. Since p-xylene serves as a raw material for the production
of monomers for the polymer industry, the attention has in particular been

focused on the selective formation of p-xylene. The methylation of toluene
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with methane over zeolite catalysts is shown to be complicated by extensive

disproportionation, hydrodealkylation and hydrocracking reaction®.

Doty 1

Scheme 8.0.1 Toluene methylation reaction over acid catalysts giving ortho,

para and meta- xylenes

Zhirong-zhu et al’® reported toluene methylation over a number of
zeolite type catalysts which includes toluene disproportionation to produce
benzene as a side product. In general, alkylation of toluene with methanoi, 1.e.
methylation of toluene, is carried out over acidic zeolites, such as ZSM-5,

Mordentite, Y-Zeolite and SAPO-11, etc'®'?,

o )— )

Scheme 8.0.2 Toluene disproportionation reaction over acid catalysts giving

benzene
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Toluene disproportionation to benzene and xylene, as a main side
reaction (scheme 8.0.2), may also take place over acidic zeolites. which is
directly related to acidity of zeolites. New catalysts are needed for toluene

methylation that avoids disproportionation to enhance selectivity.
8.1 EFFECT OF REACTION VARIABLES

Toluene methylation is done using the prepared catalysts. ZCM is
selected for finding out the optimized conditions for the reaction in such a way
to get xylene without higher substitution and disproportionation. Reaction was
studied at different temperature, molar ratio and WHSV in order to find

suitable conditions for maximum selectivity and conversion.

8.1.1 Effect of temperature

Figure 8.1.1 shows a linear response of conversion with increase in
temperature up to 350°C and shows a small decrease at 400°C which then
increases at 450°C. We are getting 100% xylene selectivity at and above a
temperature of 400°C. Temperature has a profound influence on conversion
and no conversion occurs up to 300°C. Polyalkylbenzene is formed at a
temperature of 350°C and is found to be absent at higher temperatures. The
lower selectivity for polyalkylbenzene compared to xylenes at higher
temperatures may be due to rapid diffusion of the products. 100% xylene
selectivity and maximum conversion is obtained at 450°C and is selected as the

optimum temperature for further studies.
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TEMPERATURE OPTIMIZATION
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Figure 8.1.1 Temperature optimization at a WHSV of 72 h’,
Toluene/methanol molar ratio 3:1, Time on stream 2 h and Catalyst weight

0.5¢g
8.1.2 Influence of Toluene/Methanol molar ratio

The influence of molar ratio on converston is studied at 450°C and at
a WHSYV of 7.2 h™'with toluene to methanol molar ratios 1:1, 1:2, 1:3 and 1:4.
The results are presented in Figure 8.1.2. A nonlinear response is obtained
over the selected catalyst, first the conversion increases, then show a slight
decrease at 3:1 which again increases at 4:1. A nonlinear variation in
disproportionation to form benzene is also seen from the plot and only at a
molar ratio of 3:1 it is found to be absent. Considering the absence of
disproportionation, to enhance selectivity, we adopted 3:1 as the optimum

molar ratio.
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MOLAR RATIO OPTIMIZATION
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1
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60
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—0— % Conversion —— % Disproportionation

Figure 8.1.2 Optimization of molar ratio at a temperature of 450°C, WHSV of
7.2 b, Time on stream 2 h, and Catalyst weight 0.5g

8.1.3 Influence of WHSV

Figure 8.1.3 illustrates the influence of WHSV on conversion and
higher substitution selectivity. Conversion first increases which then shows a
steady decrease with increase in WHSV. At a WHSV of 7.2 h'', higher
substitution is found to be absent whose formation occurs at higher WHSV.

Thus we considered xylene selectivity and a WHSV of 7.2 h™".
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WHSYV OPTIMIZATION
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Figure 8.1.3 Optimization of WHSV at a temperature of 450°C,

Toluene/methanol molar ratio 3:1, Time on stream 2 h and Catalyst weight 0.5

g

8.2 MECHANISM OF THE REACTION

In general, a reaction catalyzed by a solid acid proceeds via minimum

three distinct steps:

(1) Migration of the reactants to and adsorption on the active site,
(2) Catalytic reaction and
(3) Desorption of products.
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An enormous amount of experimental research has been done on
electrophilic aromatic substitution (EAS) reactions as catalyzed by solid acids;
the mechanism is still not fully unraveled. Expeniments on the methylation of
benzene and toluene with methanol are usually explained by assuming an Eley
— Rideal type mechanism. We assume the same mechanisim which is adopted
over zeolite catalysts. Methanol strongly adsorbs on the catalyst acidic site
before it reacts with the aromatic species for which interaction with the sohd
acids are much weaker. In the past a methoxide was assumed to be the reactive
species”, but more recent in-situ studies indicate that methanol and the
aromatic co-adsorb on the acid sites, with methanol in the end-on adsorption

mode and the aromatic system in interaction with this methanol molecule".

During the reaction, toluene and methanol are adsorbed on the
Brensted acid bridging hydroxyl. The reaction starts when the acid proton of
the clay moves towards the oxygen atom of methanol. Then the CH;z group
becomes chemisorbed to the oxygen of the hydroxyl group. The dehydration of
methanol to water and a methoxide has been studied by several authors'>".
The reaction was found to proceed in onc step: the acid proton migrates from
oxygen of the solid acid site to the oxygen of methanol and simultaneously the
methyl group moves to oxygen of the acid site going through only one
transition state. The methyl group of methanol attaches on toluene which forms
n-complex with the layer metals. After n-6 conversion, a proton of toluene is

given back to clay to form a new bridging hydroxyl group. After reaction,

Xylene and water are adsorbed on the clay, which is then desorbed. Scheme

Cochin University of Science And Technology 258



Toluene Methylation: An Alternative Route to Xylene Preparation

8.2.1 shows the suggested mechanism, where M is the layer metal (Al, Si, Mg,

Fe etc) and n the hydroxyl group H is acidic one.

CH,OH

H-O O-H H-O OCH,
N/ \ \
™ M~M

TN
H,0

PN

_O- T H-OM
| H

H-O-M

Scheme 8.2.1 Suggested mechanism of toluene methylation over clays
8.3 COMPARISON OF DIFFERENT SYSTEMS

Formation of xylene with high selectivity over present catalysts might
be due to its free diffusion without steric hindrance through the pores. The
lower selectivity towards polyalkylated products might be due to steric
hindrance to diffusion facilitating their disproportionation with toluene to
xylenes. A comparison of catalytic activity and selectivity over various catalyst

systems are shown in table 8.3.1.
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The catalytic activity as well as p-xylene selectivity is very poor over
montmorilionite KSF. This may be due to the non-availability of pores for
shape selective catalysis and the partial structural collapse that occurred during
high temperature calcination. As already mentioned, the process of pillaring
exposes and adds acidic sites (chapter 3, section 3.11.3.1.2) which increases
conversion, whereas enhanced layer distance and porosity allows shape
selective catalysis where higher substitution is found to be lcast. The increased
activity of NM may be due to the increased acidity obtained as a result of
dealumination. The process of delamination resulted in increased porosity
which is responsible for xylene selectivity. The delamination and
dealumination is a result of Na'-ion exchange. But these changes are not as

effective as that of pillaring.

Table 8.3.1 Activities of the catalysts for toluene methylation at 450°C

Catalyst Methanol Selectivity (%)
Conversion ™ "p yvjene Di/Tri Disproporti
(wt %) substitution onation
M 34.0 9.9 5.2 -
NM 82.1 26.1 43.0 -
™ 89.6 37.5 35.7 7.2
M 94.3 100.0
AM 33.1 59.6 - -
CM 74.8 50.7 - -
TZM 100.0 56.7 - -
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TAM 92.8 52.6 8.5 33
TCM 80.6 44.8 - 20.7
AZM 83.7 51.1 - -
ACM 80.0 59.6 - -
ZCM 80.8 57.1 - -

Tolucnc/methanol molar ratio 3:T, Time on sircam 2 h, WHSV 7Zhr-T and Catalyst weight 0.5 g

In agreement with the acidity, both Ti and Zr containing systems show very
high conversion and is slightly lower in Al and Cr containing systems.
Anyway it is clear that all PILC systems show very good activity towards

toluene methylation reaction.

The major side reaction during toluene methylation reaction is
disproportionation to give benzene and is found to be present only over 3 — Ti
containing PILC systems. This may be the property of the Ti-pillar. Except Tt
—containing systems, over all PILC catalysts xylene is the only product where
p-xylene is the major one. Presence of Zr may be the reason for the absence of
disproportionation and higher substitution over TZM. This assumption is
supported by the very high conversion and 100% p-xylene selectivity over ZM.
It is reported that the acidic sites, needed for catalyzing alkylation of toluene
with methanol are relatively weaker than that for catalyzing toluene
disproportionation’. This assumption is found to be correct over present PILC
systems. The acidity in the strongly acidic region (obtained form TPD of NHs,
data is shown in Chapter 3, Table 3.11.1) is greater for Ti-containing systems.

The high p-xylene selectivity over PILCs is based on the faster diffusion of the
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para isomer, with respect to o- and m- xylenes, which enriches the product in

the most desired p-xylene.

84 ACTIVITY — ACIDITY RELATIONSHIPS

We tried to correlate the activity with Brensted acidity obtained from
benzene selectivity in cumene cracking reactions. From figure 8.4.1 a perfect
correlation is obtained which supports the role of Brensted acid sites in the
suggested mechanism. In the case of PILCs, acidity from weak and medium
strength region obtained from TPD of NH; represents Bronsted acidity. The
clear correlation obtained n the present study as evident from figure 8.4.2

supports the above assumption.

CONVERSION VS BRONSTED ACIDITY

100 -
80 4
¥ 60 -
40 1 4
20+ 77777177
=S ST EFEFE =SS5 5 5
Z = N « U N << U N O U
o= = <€ 2 N
Catalyst

—0— conversion (wt%) —=— % Brensted Acidity

Figure 8.4.1 Correlation diagram for Brensted acidity and methanol conversion
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CONVERSION VS AMOUNT OF WEAK +

MEDIUM ACID SITES
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Figure 8.4.2 Correlation diagram of conversion with amount of weak +

medium acid sites obtained from TPD of NH;

8.5 DEACTIVATION OF CATALYSTS

Figure 8.5.1 illustrates the effect of time-on-stream on the conversion
over various systems. There is a decrease in conversion with increase in stream
due to blocking of the active sites by coke. Thus the catalysts get deactivated
with stream. The rapid decrease in activity is due to the microporous nature
which offers much diffusional constraint for the primary products facilitating

formation of multialkylated products with the precursors of coke.

The selectivity did not vary much with time. The absence of

polyalkylated products even after deactivation may be due to a partial decrease
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in the pore size due to coke deposition. The activity remains almost constant
from 5™ h onwards after the initial sharp decrease up to 4™ h. Thus the coke
formed during the reaction is not so large as to block all catalytically active

sites present.

DEACTIVATION STUDIES
100 -
80 -
= 60
2
Z
2 40 4
=
[~}
C
X 20
0 v
1 2 3 4 5 6 7 8
-20
Time (hr)
—&— ACM —€—TCM —6—CM —©—ZCM ——M 88— NM

Figure 8.5.1 Deactivation of the given systems in the optimized conditions in

continuous run

Parent montmorillonite and NM becomes completely deactivated by 4
h of continuous run. The decrease in porosity and blocking of the pore present
may be the reason for complete deactivation. Among the pillared systems
studied CM shows 48% of the initial activity after 8 h where as mixed pillaring
shows further decrcase in the deactivation. TCM shows 80% retention and

from 5" hour onwards disproportionation is absent. Here the coke formed may
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block the active sites responsible for disproportionation. ZCM shows 78% of
the initial activity, where ACM retains 63%. Initial activity is taken as the
conversion at 2™ hour, since in the 1° hour, attainment of a steady state for the
reaction over the catalysts may not be possible and also temperature
fluctuations may occur. It 1s evident that mixed pillaring shows a marked effect

in the catalytic properties of single pillared montmorillonite.
8.6 CATALYST REGENERATION

Regenerability of the catalysts is tested by burning off the coked
formed by heating in air at 500°C for 12 h. The initial activity is regained in all
pillared systems whereas M and NM becomes catalytically inactive towards
toluene methylation, which may be due to the structural collapse occurring at
high temperature. The regenerated systems show same trend towards
deactivation on continuous run and is found to be regenerable up to four

repeated cycles. This observation confirms the thermal stability of PILCs.

8.7 CONCLUSIONS

From the above discussions we reach in the following conclusions.

% Present catalytic systems are proved to be good catalysts for toluene

methylation reaction with appreciable conversion.
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Eventhough ion-exchange of montmorillonite increases the conversion; it

fails to provide shape-selectivity to montmorillonite.

i The main advantage of majority of present PILC catalysts is the absence of

disproportionation.

The reaction parameters can introduce drastic changes in catalytic activity

and selectivity.

The role of Brensted acid sites in catalytic activity is clear from the perfect

correlation of activity with Brensted acid site distribution.

The problem of deactivation of parent or ion exchanged montmorillonite is

solved upon pillaring, where mixed pillaring is found to be more efficient.

The regenerability and high thermal stability offered to montmorillonite
clays upon pillaring makes it promising green catalyst instead of

homogeneous catalysts.
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Chapter 9

LINEAR ALKYL BENZENE SYNTHESIS

The manufacture of fine and speciality chemicals has commonly been
associated with the production of large quantities of toxic waste. Use of
traditional reagents such as mineral acids, strong bases, stoichionetric
oxidants and toxic metal reagents is widespread and has many
drawbacks including handling difficulties, in organic contamination of
the organic products, the formation of large volumes of toxic waste and
poor reaction selectivity leading to unwanted isomers and side products.
These problems can be largely overcome if genuinely catalytic,
heterogeneous alternatives 1o environmentally unacceptable reagents
can be developed. Recent developments in the design and application of
solid acid catalysts offer considerable potential for clean synthesis.
Present chapter deals with eco-friendly pillared clay catalyzed synthesis

of LAB to get 2-phenyl isomer as the major product.
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9.0 INTRODUCTION

For the past 25 years, linear alkyl benzene (LAB) is widely used in
industry as an intermediate for the production of linear alkylbenzene
sulphonate (LAS), the surfactant of choice throughout the world, because it is
cost-effective and biodegradable. The increasing use of detergents by
households discharges large quantities of alkyl benzene and its sulphonated
derivatives into rivers. Rapid biodegradation of the disposed organic
compounds is important to keep the pollution levels as low as possible.
Surfactants owe their properties to their characteristic hydrophilic-hydrophobic
structure, which enables them to aggregate at the surface of an aqueous
solution and hence reduce its surface tension properties. Studies on the
solubility, foam stability and surface-active properties of LAS have shown that
the length of their alkyl chain and the position of the phenyl group on it are
important factors in determining their performance characteristics'. Certain
constant synergistic effects have also been observed for various combinations
of phenyl alkanes® (the linear 1- aryl compound would be ideal, but is not
formed due to the unstable nature of the primary carbocation which leads to its
formation). In general, the 2-phenyl alkane isomer differs substantially from
the other internal isomers in its performance characteristics, which makes the

control of its amount in the product, a mater of considerable importance.

Commercially benzene alkylation to form LAB is done using HF or
AICl;3 catalysts. HF acid has been used as catalyst for LAB production since

1968. 1t has high efficiency, superior product and is of higher use relative to
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the alternative AICI; catalyst. These two Friedel-Crafts catalysts give different
phenyl isomer distributions in the LABs produced. The AICI; gives about 30%
of the 2-phenyl isomer, 20% of the 3-phenyl isomer, decreasing to 15-16% of
the 4-, 5- and 6-phenyl isomers. With HF, there is a more even isomer
distribution with all the phenyl isomers present at approximately 17 to 20%.
Alkylation using homogeneous catalysts such as H,SO4, HF and AICl; has
been investigated extensively by Alul’ and Olson®. However the potential
applications of a heterogeneous catalyst have long been recognized, principaily
because of the concern about handling concentrated HF and disposing of
fluorinated neutralization products’. Thus as these homogenous catalysts are
very corrosive and polluting, a great effort 1s made for their substitution by
solid acid catalysts such as zeolites, clays etc that do not have these

inconvenience®’.

Large pore zeolites have been demonstrated as active and selective
catalysts for mono alkylation of benzene or toluene by linear alkenes®®. Other
solid acid catalysts reported for the alkylation of benzene with alkenes include
heteropolyacids'o, clays”, ZSM-12'2, HY", metal oxides' etc. To ensure
environmental protection, the detergent industry must develop a clean LAB
production process capable of not only replacing the conventional
homogeneous catalysts but also having a high selectivity for the 2-phenyl LAB

isomer.
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9.1 RECENT ADVANCES IN THE INDUSTRIAL LAB PRODUCTION

LLAB global demand is about 2.7 million mctric tonnes per year.
Traditional processes'® for LAB production include an alkylation unit with

liquid catalysts, which depending on the process may imply the following.

1. Alkylation of benzene with alkenes Cyo— C)41in the presence of HF.

2. Alkylation of benzene with chloroparaffins C;—C,4, in the presence
of AlICl;.

3. Alkylation of benzene with alkenes Cjo — Cs in the presence of

AlCl,.

Nowadays, most of the LAB is produced from lincar mternal alkenes
and the majority of commercial applications worldwide are based on HF
catalysts. The main reaction is usually accompanied by benzene and alkene

side reactions, with co-production of undesired compounds.

Polyalkyl benzenes, indanes and tetralines are the typical compounds
produced by benzene side reactions, while branched alkyl benzenes and
oligomers, which are precursors of tars and coke, are usually produced by
alkene side reactions. Polyalkylation and oligomerization reactions are
depressed by increasing the benzene to alkene ratio in the feed, which in
commercial processes is set at 8. In addition, as a general feature, the processes

are designed, by controlling the reaction temperature, to minimize skeletal
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isomerization of the aikenes, since high linearity is necessary to yield a product

that biodegrades at high rates.

As already mentioned now various solid acid catalysts are used for
LAB synthesis. However most of them give results, which have not
industrially exploited so far. An important breakthrough was achieved by UOP
in 1992, which jointly with CEPSA developed the new Detal™ process, based
on a fixed bed of acidic, non-corrosive catalyst to replace the liquid HF acid
used in the UOP former process'®. According to the published literature, the
catalyst, a fluorinated silica-alumina was discovered and patented by UOP'"'%.
The researchers found that selectivity of the fluorinated silica-alumina
increases with increasing silica content. However, the best overall performance
comes from those catalysts with silica to alumina ratio from 65/35 to 85/15.
The catalyst is prepared by impregnating the silica-alumina with HF and the
finished catalyst contains 1-6% fluorine. The Detal™ process proved to yield a
superior product compared to that from HF technology, the product linearity is
higher and tetralins are lower. Table 9.1.1 lists LAB linearity and tetralin

weight percentage of some commercial catalysts.

As far as the stability is concerned, the Detal™ catalyst is satisfactorily
active with periodic mild rejuvenatton: it was demonstrated that during the
commercial test, in 14 months of operation, the catalyst temperature was
within 5°C of the start of run temperature'®. As a proof of the improvement
achieved with the use of solid acid catalyst, the process economics®’ turned to

be favorable. The estimated erected cost for Detal ™ process is about 7% lower
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than HF process. The difference is due to the lower cost of Detal™ unit, which
does not require costly materials or equipment for safety and effluent treating.
Another additional saving in operating costs is expected because Detal™

process does not require scrubbing and inorganic salts waste disposal.

Table 9.1.1 LAB linearity and tetralin weight percentage of some commercial

catalysts
~ Alkylation  Alkene/AICl; UOP/HF  UOP/Detal™
with alkylation process
chloroparaffins
Catalyst AlCl; AlCl; HF fluorinated
silica-
alumina
Lab linearity <90 98 92-94 95
(n-alkyl
benzene wt%)
Tetraline 3-4 <1.0 <0.3 <0.5
(wt%)

The Detal™ catalyst and process was successfully demonstrated at Petresa’s
demonstration unit in Spain in 1992, and today three LAB complexes use this

technology®'.

The various possible steps during alkylation of an arene with alkene as

the alkylating agent are shown in scheme 9.1.1.
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Scheme 9.1.1 Various possible reactions during benzene alkylation with higher

alkenes
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9.2 MECHANISM OF THE REACTION

The alkylation of benzene with alkenes goes through a carbonium ton

mechanism (scheme 9.2.1).
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Scheme 9.2.1 Mechanism of benzene alkylation with alkenes

In the case of octene, decene and dodecene, 4, 5 and 6 carbonium ions

are respectively possible. The relative stabilities of carbonium 1ons increase as
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the C-number increases, for e.g. the least stable being the primary ion (1-
position). In fact, due to its very low stability, the !-phenyl isomer is not
detected in the product. On the basis of the relative stabilities of the other
carbonium 10ns (all secondary), it is expected that the isomer content will
increase with the carbon number (towards the centre of the chain). This is
found to be so in the case of HF, in which thermodynamic equilibrium is
probably reached. However, in the cases of solid acid catalysts, the content 2-
phenyl isomer is greater, suggesting the non-attainment of thermodynamic

equilibrium.

9.3 ALKYLATION OF BENZENE WITH 1-OCTENE

R

Scheme 9.3.1 Benzene altkylation with 1-octene

The development of new catalysts to replace HF is crucial for a clean

petrochemical process of detergent production. Here we are alkylating benzene
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with 1-octene over PILC catalysts. Benzene alkylation with l-octene is
generally carried out as a model reaction in LAB synthesis. As per the above
suggested mechanism in scheme 9.2.1, four isomers are possible among which
2-phenyloctane is the desired/major product. The non-attainment of
thermodynamic equilibrium is the rcason for the high 2-phenyl LAB
selectivity. We are getting high selectivity to 2-phenyl LAB over clay
catalysts. The reaction conditions arc optimized in order for getting the highly
biodegradable product as the major one and also to decrease higher substitution
as well as cracking. Schematic representation of benzene alkylation with -

octene is shown below (scheme 9.3.1).
9.3.1 EFFECT OF REACTION VARIABLES

The influence of reactants/catalyst contact time (WHSV), Benzene/1-
octene molar ratio and reaction temperature is studied in detail to get good
percentage Atom Utilization, protecting the principles of Green Chemistry.

AZM is selected for optimization studies.
9.3.1.1 Effect of WHSYV

The catalysts/reactant contact time is varied from a space velocity of
6.9h"' to 12.1 h”' in order to study its influence in 1-octene conversion and 2-
phenyl LAB sclectivity. Increase in 2-phenyloctane selectivity with WHSV s
due to the lower chance for the isomerization of the 2° carbocation towards the

center (hydnde shift) since the contact time over catalyst is the decreased. The
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conversion drops sharply with WHSV, whereas the selectivity increase is only
to a low extent (figure 9.3.1). Thus we selected a WHSV of 6.9 h”' for further

studies.

WHSYV OPTIMIZATION
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Figure 9.3.1 Optimization of WHSV at a temperature of 350°C, Benzene/!-

octene molar ratio 20:1, Time on stream 2 h and Catalyst weight 0.5 g
9.3.1.2 Effect of molar ratio

The ratio of arene/alkylating agent is a critical parameter in LAB
synthesis. On the one hand, to ensure the total conversion of alkene and to
decrease the by-product from the polymerization of alkene, a high
arene/alkylating agent is needed; i.e., a high arene/alkylating agent will cause a

large amount of benzene to be separated from the product and recycled.
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Therefore, the optimal molar ratio on the reaction conversion should be

determined.
MOLAR RATIO OPTIMIZATION
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Figure 9.3.2 Effect of benzene/l-octene molar ratio on conversion and
selectivity at a WHSV of 6.9 h”', temperature of 350°C, Time on stream 2 h
and Catalyst weight 0.5g

Benzene to |-octene molar ratio is varned from 1:1 to 20:1 in order to
get good conversion and 2-phenyloctane selectivity. Increase in
arene/alkylating agent molar ratio decreases polyalkylation. 2-phenyl LAB

selectivity also increases with increase in molar ratio. This is due to the
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solvation effect of benzene. The solvation of the carbocations by benzene
molecules reduces the differences in their stabilities. This reduces the
isomerization of the 2° carbocation towards the center which results in greater
formation of 2-phenyloctane. This effect is pronounced in excess benzene and
is absent at a molar ratio of 1:1. However, a high mole ratio of benzene to
alkenes will cause large amount of benzenc to be separated from the product
and recycled. For this reason, a low molar ratio of benzene/alkene is desirable
and thus we did not study the influence of benzene/alkene molar ratio higher
than 20 which is selected as the optimum one. Figure 9.3.2 shows the 1-octene

conversion as well as 2-phenyl LAB selectivity with molar ratio.

9.3.1.3 Effect of temperature

TEMPERATURE OPTIMIZATION
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Figure 9.3.3 Effect of temperature on conversion and selectivity at a WHSV of
6.9 h"‘, benzene/l-octene molar ratio of 20:1, Time on stream 2 h and Catalyst

weight 0.5 g
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Reaction temperature is varied from 200°C-400°C and its influence in
conversion and selectivity is noted. From figure 9.3.3 it is clear that 2-phenyl
selectivity is low at a temperature of 400°C whereas the conversion is found to
be high. The decreased selectivity with temperature is due to a series of fast
hydride shifts of the carbocation to produce the isomer ions. Conversion
increases with temperature at the expense of selectivity due to the increased
amount of cracking, cation isomerization and higher substitution. The increase
in conversion is sharp with temperature. Eventhough there is decrease in
selectivity; it is not sharp up to a temperature of 350°C. Thus a temperature of

350°C is selected as the optimum one.
9.3.2 COMPARISON OF DIFFERENT SYSTEMS

Table 9.3.1 gives the conversion and product distribution of benzene
alkylation with 1-octene over various clay catalysts. The alkene converston is
found to be low over parent montmorillonite. The monoalkyl and 2-phenyl
selectivity is found to be comparatively low over M. Cracking is found to be a
notable side reaction in this case. The high amount of cracking is due to the
less porous structure after calcination of M that resulted in its structural
collapse. NM also shows high amount of cracked products but is better than M
which may be due to its comparatively high porous structure. PILCs show
better conversion and monoalkyl/2-phenyl selectivity. The possible side
reactions such as alkene polymerization, alkene isomerization to produce
tertiary alkyl benzenes and tri alkylation is found to be very low or practically

absent over the present clay catalysts and is evident from GC-MS analysis.
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Table 9.3.1 Catalytic activity of benzene alkylation with 1-octene over clay

catalysts at 350°C

Selectivity (%)

Catalyst Conversion

Monoalkylation 2- Higher Cracking
(wt %) phenyloctane substitution

M 18.6 62.2 20.1 10.0 27.8
NM 34.1 74.7 24.8 10.6 14.7
™ 55.7 86.6 379 4.4 9.0
™M 46.6 89.5 44.9 32 73
AM 38.1 88.7 39.1 2.5 8.8
CM 37.5 77.6 30.5 7.6 14.8
TZM 56.9 90.5 47.0 23 7.2
TAM 53.5 89.1 42.5 3.0 7.9
TCM 51.4 85.8 33.1 42 10.0
AZM 56.5 923 48.3 2.2 5.5
ACM 38.1 85.1 349 5.7 92
ZCM 53.0 83.7 33.73 5.1 11.2

Benzene/T-octene molar ratio 20:T, Time on stream 2 h, WHSV 6.9 h-1 and Catalyst weight 0.5 g

Among the PILCs, Ti and Zr containing systems shows good catalytic activity
and selectivity. The high conversion/selectivity over AZM, TZM and TAM are
in agreement with their high surface area and pore volume. Cracking is found
to be very low over these systems, supporting their highly porous structure.

Dialkylated products are also formed over various systems m a low amount
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and tri substitution is practically absent over present clay catalysts which may

be due to the bulkiness of that product.

9.3.3 DEACTIVATION STUDIES

The shape selective catalysis benefits product distribution, but
the bulkier molecules will block the pores of the catalysts and deactivate them.
The reaction conversion decreases quickly with increase of the reaction time

due to the large amount of coke formed on the catalysts.

Deactivation Studies

Conversion (wt%)

Time (h)

&= AZM ——7ZCM —-5—7ZM —O0—AM —X—M —8—NM

Figure 9.3.4 Activity of pillared, ion exchanged and parent Montmorillonite in

COntinuous run
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For the deactivated catalyst, the deposited compounds are more
complicated than those from undeactivated catalyst, it is reported that” some
new species, such as naphthalene, 1-methyl-3-nonyl-indan, !,4-dibutyl-
1,2,3,4-tetrahydro-naphthalene and 5-hexyl-2,3-dihydro-1H-indene are also
formed. Steric hindrances of these compounds are more significant than those
of the reactants, so the deactivation of catalyst may be due to channel blocking

by these bulkier molecules.

The deactivation profiles of some selected catalysts are shown in figure
9.3.4. Fast deactivation is seen over all the catalysts which is very fast over M
and NM. The unpillared systems drop their activity from 5™ hour onwards.
PILCs retain more than 50% of the initial activity even after 8 h of continuous

run.
9.3.4 REGENERATION OF THE CATALYSTS

Because of the fast deactivation, catalyst regeneration is inevitable and
very important for the industrial application of the catalysts. The deactivated
catalysts are regenerated by burning off the coke formed in air at 500°C for 10
hours. Activity of the deactivated catalysts recovers almost 100% even after
four repeated cycles showing the regenerability of the PILC catalysts. Both M
and NM are to be non-regenarable even after coke removal suggesting
complete structural collapse during the continuous high temperature treatment.
Thus the deactivation study supports the attainment of thermal stability of

clays upon pillaring.
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9.3.5 ACTIVITY - BRONSTED ACIDITY RELATIONSHIP

The mechanism discussed in section 9.2 suggested that alkylation
occurs over Bransted acidic sites of the clay catalysts. Figure 9.3.5 correlates
l1-octene conversion with % Bronsted acidity (calculated from the yield of

benzene in cumene cracking reactions).

CONVERSION VS BRONSTED ACIDITY
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Figure 9.3.5 correlation diagram of l-octene conversion with % Brensted

acidity

We are getting a perfect correlation diagram in accordance with the suggested
mechanism. In the case of PILCs, the acidity in the weak + medium strength
region (from TPD of NH;) corresponds to Brensted acidity. Thus the

correlation diagram shown in figure 9.3.6 is in agreement with our expectation.
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CONVERSION VS AMOUNT OF WEAK + MEDIUM
ACID SITES
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Figure 9.3.6 Dependence of conversion with the amount of weak + medium

acidic sites

9.4 ALKYLATION OF BENZENE WITH 1-DECENE

Benzene alkylation with 1-decene produces 5-monoalkylated benzene
isomers. The mechanism suggested in scheme 9.2.2 rule out the possibility for
the formation of 1-phenyldecane due to highly unstable nature of the primary
carbocation. Alkylation of benzene with higher 1-alkenes, typically Cjop-C)3, is
performed industrially for the manufacture of the LABs, an intermediate used
in the production of biodegradable surfactants; Linear Alkylbenzene

Suiphonates (LAS).
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9.4.1 EFFECT OF REACTION CONDITIONS

The interaction of benzene with a straight-chain alkene affords all the
possible secondary phenyl alkanes. The isomerization of the alkylating agent
and, under certain conditions, of the product alkylbenzene is well established™.
The extent of these two types of isomerization, which determines the final
isomer distribution of the product, has been found to depend on the reaction
conditions. The influence of reaction conditions are studied to get high
conversion with good 2-phenyl LAB selectivity. TZM is used as the reference

catalyst for optimization studies.

9.4.1.1 Effect of WHSV

WHSYV OPTIMIZATION
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Figure 9.4.1 Effect of WHSV of 1-decene conversion at a temperature of
200°C, Benzene/1-decene molar ratio 20:1, Time on stream 2 h and Catalyst

weight 0.5 g
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Figure 9.4.1 shows the influence of contact time of the reactant with the
catalyst. As expected there is a decrease in conversion with WHSV. The
possibility of higher substitution also decreases with space velocity. As in the
case of alkylation with 1-octene decrease in contact time decreases hydride
shift and thus increases the 2-phenyldecane selectivity. Here the rate of
alkylation competes over isomerization to get high 2-phenyl alkane selectivity.
There is a sharp drop in conversion when WHSV is increased from 6.9 h' to
8.7 h”', but the increase in selectivity is only to a small extent and thus we

selected 6.9 h™ as the optimum one.

9.4.1.2 Effect of molar ratio

Solvent effect of benzene increases the 2-phenyl LAB selectivity with
increase in molar ratio. At molar ratio of 1:1 this effect is found to be
practically absent. Increase in the molar ratio of arene/alkylating agent is again
favored due to the decreased amount of higher substitution. The formation of
highly substituted product is decreased due to the low availability of decene at
a high benzene/decene molar ratio. Figure 9.4.2 shows the influence of molar
ratio on conversion and selectivity. Both increases with molar ratio, the
increased selectivity is due to the solvation of the reaction intermediates by
benzene molecules that reduces the differences in their stabilities. This
decreases the possibility of hydride shifts of the 2° carbocation towards the
centre that leads to the formation of 3-, 4-and S-phenyldecane (scheme 9.4.1).
The solvation effect is already reported in certain aromatic substitution

- 4.25
reactlons2 2 .
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MOLAR RATIO OPTIMIZATION
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Figure 9.4.2 Effect of benzene/l-decene molar ratio on conversion and

selectivity at a temperature of 200°C, WHSV of 6.9 h”', Time on stream 2 h

and Catalyst weight 0.5g
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Scheme 9.4.1 Hydride shifts and formation of isomer ions during benzene

decylation
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9.4.1.3 Effect of temperature

Conversion increases at the expense of selectivity with increase in

temperature from 200-400°C at a temperature interval of 50°C.

TEMPERATURE OPTIMIZATION
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Figure 9.4.3 Effect of temperature on conversion and selectivity at a WHSV of

6.9 h'', benzene/1-decene molar ratio of 20:1, Time on strearn 2 h and Catalyst

weight 0.5 g

The decreased selectivity as evident from figure 9.4.3 may be due to
the fast hydride shifts of the carbonium ion intermediate to produce the isomer
ions®. This increases the probability of formation of other phenyl isomers 3-, 4-
and 5-phenyldecane. The total conversion increase and decrease of selectivity
may also be due to cracking and higher substitution. Thus to get good 2-
phenyldecane selectivity we selected a temperature of 200°C for further

studies.
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9.4.2 COMPARISON OF CATALYTIC EFFICIENCY OVER
DIFFERENT SYSTEMS

Table 9.4.1 Conversion and selectivity values of benzene alkylation with 1-

decene at 200°C
Catalyst Conversion Selectivity (%)
(wt %) Monoalkylation 2-phenyl  Higher Cracking
decane substitution
M 14.8 94.7 27.7 1.3 4.0
NM 20.5 61.0 383 18.2 20.8
™ 35.9 100.0 65.2 - -
ZM 358 79.5 45.3 12.5 8.0
AM 294 100.0 48.5 - -
CM 26.3 79.9 49.5 8.0 12.1
TZM 434 91.6 57.5 5.3 3.1
TAM 42.0 100.0 50.6 - -
TCM 394 94.1 36.1 4.7 1.2
AZM 41.5 96.9 55.2 20 1.1
ACM 18.1 100.0 64.0 - -
ZCM 246 100.0 66.8 - -

Benzene/T-decence molar ratto 2001, Time on strcam 2’h, WHSV 6.9 h-T and Catalyst weight 5 ¢

The conversion is found to be very low over M and NM. Over NM,

cracking as well as higher substitution i1s found to be the major side reactions.

PILCs decrease these side reactions with increased monoalkylated product
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formation. From the table 9.4.1, it is clear that many systems show 100%
monoalkylated product. 2-phenyldecane selectivity is very good when
compared to the conventional homogeneous acid catalysts. Among the

different phenyl LABs, over the PILC catalysts formation of 5-phenyl isomer

is practically absent.
9.4.3 DEACTIVATION STUDIES

Alkylation with 1-decene, over clay catalysts in a continuous run shows
very fast deactivation as in the case with 1-octene. Both M and NM become

completely deactivated from 4™ hour onwards (figure 9.4.4).

Deactivation Studies
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Figure 9.4.4 Deactivation profile of pillared, ion exchanged and parent

Montmorillonite in continuous run
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The percentage retention of the initial activity is found to be high over
the mixed pillared systems (60.7% - AZM & 57.3% - TZM) than single
pillared systems (45.1% - TM & 54.5% - ZM). Good retention in the initial
activity imphes that coke formed during the reacticn is not so bulky to block

all the catalytically active sites (pores) of the PILCs.
9.4.4 REGENERATION OF THE CATALYSTS

Because of the low reaction temperature, the carbonaceous compounds
formed in the pores from polymerized products (alkene polymerization and
polyalkylation of benzene) may be considered as liquid coke. It may diffuse
out of the pores under high temperatures, regenerating the catalyst’s porous
network. Regenerability of the deactivated PILC catalysts i1s found be 100% up

to four repeated cycles where the unpillared systems are nonregenerable.
9.4.5 ACTIVITY -ACIDITY RELATIONSHIP

The activity of benzene alkylation with 1- decene shows a similar trend
with Brensted acidity like that with 1-octene. Figures 9.4.5 and 9.4.6 compares
conversion with Brensted acidity obtained from cumene cracking as well as
TPD of NH3 The positive effect of increased acidic strength on the alkylation
activity when compared to the side reaction is highly demanding over solid
acid catalysts. The alkylation is more demanding than cis—trans isomerization

of the alkcnes and/or the double bond migration®®. Therefore. the selectivity
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towards the 2-phenyldecane isomer should vary with the ability of the site to

promote alkylation versus isomerization.
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Figure 9.4.5 correlation diagram of conversion with % Brensted acidity
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Figure 9.4.6 Dependence of conversion with the amount of weak + medium

acidic sites
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Thus selectivities towards the 2-phenyl isomer should increase with acid
strength. Figure 9.4.7 shows the variation of the selectivity in 2-phenyl isomer
as a function of total acidity. The curves clearly indicates that the higher the
acid strength, the higher the selectivity to 2-phenyldecane. Cr containing
pillared systems shows high selectivity eventhough they have low total acidity
values, which may be due to their comparatively lower d-spacing that offer

high steric constraints for the formation of bulkier isomers.

2-PHENYLDECANE SELECTIVITY VS
AMOUNT OF TOTAL ACID SITES
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Figure 9.4.7 Plot of 2-pheny] 1somer selectivity versus total acidity

9.5 ALKYLATION WITH 1-DODECENE

Alkylation with 1-dodecene is very important in LAB synthesis due to

the wide application of 2-phenyldodecane sulphonicacid in detergent industry.
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The reaction is done over various systems in the same conditions as that with

1-decene.

9.5.1 COMPARISON OF DIFFERENT CATALYSTS

The 1- phenyl isomer is not formed over the present catalysts due to the
much lower stability of the primary carbocation compared to the secondary
carbocation. The formation of internal isomers is also expected as a result of
the hydnde shifts of the initially formed secondary carbocation towards the
centre to form i1somer ions. Hydride shifts enhance the stability of the initially
formed carbocation. At a high molar ratio of benzene, solvation of these
carbocation occur which decreases the difference in their stabilities. This
decreases the possibility of hydride shifts that leads to the formation of isomer
ions, when compared to the rate of alkylation. This increases the 2-phenyl
alkane selectivity at a benzene /1-dodecene molar ratio of 20:1. The catalytic

activity results are shown in Table 9.5.1

Table 9.5.1 Results of benzene alkylation with dodecene over various clays at

200°C

Selectivity (%)
Catalyst Conversion
(wt %)

Monoalkylation 2-phenyl  Higher Cracking

dodecane substitution

M 6.64 76.2 36.5 33 20.5
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NM 19.8 69.8 453 18.2 12.0
™ 38.1 86.8 46.4 5.6 7.6
™ 383 79.5 55.9 12.5 8.0
AM 40.7 89.0 51.2 5.2 5.8
CM 28.0 89.1 535 4.8 6.1
TZM 47.0 90.4 58.9 6.3 33
TAM 44.8 76.8 49.8 - -
TCM 40.4 75.9 45.7 4.7 18.5
AZM 46.8 90.1 56.9 4.8 5.1
ACM 275 74.0 46.2 4.6 214
ZCM 324 84.9 46.3 5.1 20.0

Benzene/T-dodceene molar ratio 20:T, Time on strcam 2 h, WHSV 6.9 h-T and Catalyst weight 0.5 g

Parent montmorillonite shows very low conversion showing its
inability in benzene alkylation with 1-dodecene. Eventhough M shows 76.2%
monoalkylation selectivity, the 2-phenyl isomer selectivity is not in
comparison with PILCs. The reason may be the fast hydride shifts of
carbocation when compared to the rate of alkylation. The higher substitution is
also found to be low over M where cracking is the major side reaction. Over
NM higher substitution is also present to a notable extent. The conversion is
high compared to M. All pillared clay systems show very good monoalkylation
and 2- phenyldodecane selectivity. The side reactions are found to be minimal
over pillared clays showing the efficiency of pillaring in shape selective

catalysis of montmorillonite clays.
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9.5.2 PRODUCT DISTRIBUTION: COMPARISON WITH
CONVENTIONAL CATALYSTS

The product distribution of alkyl benzene will influence the detergent
property enormously. Table 9.5.2 shows the comparison of the phenyl alkane
isomer distribution for different processes in which different catalysts are used.
Obviously, these processes exhibit a great difference in the selectivity of 2-
phenyl isomers. The possible monoalkylated products are shown in scheme

95.1.

Table 9.5.2 Product distribution of various monoalkylated products

Catalyst Selectivity (%)

2-phenyl 3-phenyl 4-phenyl 5-phenyl 6-phenyl

dodecane dodecane dodecane dodecane dodecane

HF 20 17 16 23 24
AlCL 32 22 16 15 15
H2S04 41 20 13 13 13

M 37 25 15 12 11

NM 45 25 13 10 8

™ 46 35 19 - -

M 56 30 12 - -

AM 51 31 18 - -

M 54 28 18 - -
TZM 59 26 15 - -
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Formation of 5- and 6-phenyl isomers over M & NM is due to the occurrence

of reaction out side the pores due to the collapsed structure (as a result of high

temperature calcinations that lead to low porosity) just like that in

homogeneous catalytic systems.

MCH3 +

2-Phenyldodecane

5-Phenyldodecane

Clay

8CH3 H,C™ 2

3-Phenyldodecane

H,C
CH, '

/

7 CHy

X

-

4-Phenyldodecane v

--CH,

6-Phenyldodecane

Scheme 9.5.1 Possible monoalkylated products formed during benzene

dodecylation
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As expected, 1-phenyl isomer formation is found to be absent over the
studied catalysts. However, as with other solid catalysts, clays are easily
deactivated. To industrialize a PILC process, one must study the deactivation

systematically, and a convenient regeneration method is needed.

9.5.3 DEACTIVATION STUDIES

DEACTIVATION STUDIES
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Figure 9.5.1 Deactivation profile of benzene dodecylation

During the reaction bulkier molecules blocks the channels and decrease
the conversion of alkene remarkably, and the deposition of the bulkier

molecules in the pores increases with incrcase in the reaction time. The
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deactivation profiles of some selected catalysts in a continuous run of 8 hours
are shown in figure 9.5.1. In addition, the sizes of alkyl benzene are bigger
than those of the reactants, especially 5- and 6- isomers, which will slow down
the diffusion of compounds in catalysts channels. During the reaction, the 5-
and 6- isomers accumulate gradually, so the activity of the catalyst will
decrease slowly until the catalysts are finally deactivated. This may be the
reason for complete deactivation of M and NM from 4™ hour onwards. Over
PILCs these isomers are not formed and the catalysts shows notable conversion
even after 8 hours of continuous run, showing that the coke formed is not so

bulky to block all the catalytically active sites.
9.5.4 CATALYST REGENERATION

For industrial application, the catalyst must be regenerated repeatedly.
The regenerability of the deactivated clays is tested by burning off the coke
formed in air at 500°C for 10 hours. All the PILC systems show complete
regeneration up to 4 repeated cycles, where N and NM are found to be non-
regenerable. The reason for the inactivity of M and NM even after complete
coke removal may be due to the structural collapse occurring to the clay layers
during continuous high temperature treatment. The metal oxide pillars,
propping apart the clay layers, avoids the dehydration steps of the clay layers,

preventing structural collapse.
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9.5.5 ACIDITY-ACTIVITY RELATIONSHIP

The role of Brensted acidity on the activity of various catalysts is
investigated. Conversion is in perfect correlation with the Brensted acidity
obtained from two independent techniques. Figures 9.5.2 and 9.5.3 clearly

shows the dependence of catalytic activity on the Bronsted acid sites.

CONVERSION VS BR@NSTED ACIDITY

100

- 90 £
°\ S
3 80 2
c 70 'g
o 60 ©
o ©
@ 5 2
z 7]
3 08

[1e]

—a— Conversion (Wt%) —e— % Brensted Acidity

Figures 9.5.2 Correlation diagram of activity versus % Bransted acidity
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Figures 9.5.3 Influence of conversion with the amount of weak + medium

acidic sites

9.6 EFFECT OF ALKYLATING AGENT IN LAB SYNTHESIS

We have adopted same conditions for the alkylation using 1-decene
and 1- dodecene. From the comparison of conversions over various catalysts
from table 9.4.1 and 9.5.1, it is observed that the 1-dodecene conversion is
always greater than the I- decene conversion. The effect of alkylating agent on
the rate of Friedel-Crafts alkylation reactions is well documented. Conversion
generally increases with chain length. For e.g. isopropylation occurs about

1460 times faster than ethylation®’.

Cochin University of Science And Technology 304



Linear Alkyl Benzene Synthesis

9.7 CONCLUSIONS

%7 The montmorillonite clays show very good conversion in LAB

synthesis upon pillaring.

%' PILCs exhibit both product and transition state type shape

selectivity favoring the formation the less bulky 2-phenyl isomer.

% Effect of reaction variables in catalytic efficiency is studied.

% The side reactions are found to be minimal over PILC catalysts.

.

e

The comparison of product distribution with the conventional
homogeneous catalysts reveals the promising nature of present

PILCS.

4 (’g‘

The role of Brensted acidity on alkene conversion is welil

established.

%7 The increased conversion with length of the alkyl chain is found

over PILCs.
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CONDUCTING POLYANILINE AND ITS
NANOCOMPOSITES: INTRODUCTION,
MATERIALS AND METHODS

Polymer systems with special properties are a field of increasing
scientific and technical interest, offering the opportunity to polymer and
synthetic organic chemists to synthesize a broad variety of promising
new material, with a wide range of electrical and magnetic properties.
Technological uses depend crucially in the reproducible control of the
molecular and supramolecular architecture of the macromolecule via a
simple methodology. Polvaniline is one such polymer whose synthesis
does not require any special equipment or precaution. The formation of
Polyaniline/montmorillonite nanocomposites with outstanding physical
properties has cornsiderable research attention due to its wide
applications. In this chapter a general introduction to polyaniline and its
clay nanocomposites are given revealing their importance in industry.
The preparation conditions and various characterization techniques
adopted for polyaniline/montmorillonite nanocomposites are also

described.
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10.0 INTRODUCTION

Polyaniline (PANI) is the typical phenylene based polymer having a
chemically flexible -NH- group in the polymer chain flanked either side by a
phenylene ring. The protonation, deprotonation and various other physico-
chemical properties of PANI is due to the presence of the -NH- group'. It is the
oxidative polymeric product of aniline under acidic conditions and has been
known since 1862 as aniline black. At the beginning of the 20" century organic
chemists began investigating the constitution of anihne black and its
intermediate products. Willstatter et al.™ in 1907 and 1909 regarded aniline

black as an eight nuclei chain compound having an indamine structure.

During those periods it did not occur to anyone to investigate its
electrical and magnetic properties for the obvious reason that organic
compounds are insulators though in 1911 Mecoy and Moore suggested
electrical conduction in organic solids*. Almost 50 years later Survile et al’ in
1968 reported proton exchange and redox properties with the influence of
water on the conductivity of PANI. Tt was reported in 1973 that conductivity of
inorganic polymer poly sulphur nitride (SN), is of the order of 10° Scm™ to be

' for Cu and 10" Scm for polyethylene.

comparable with 6x10° Scm’
However, interest in PANI was generated only after the fundamental discovery
in 1977 that iodine doped polyacetylene has a metallic conductivity’, which
triggercd research interest in new organic materials in the hope that these
would provide new and improved electrical, magnetic, optical material or

devices. The hope was based on electronic structure and the combination of the

Cochin University Of Science And Technology: 309



Chapter 10

metal like or semiconducting conductivity with the processability and
flexibility of classical polymers and above all, the ease with structural

modification can be carried out via synthetic organic chemical methodologies.

A significant breakthrough occurred in 1979 by the discovery that
poly(para-phenylene) could be doped to conducting levels quite comparable to
those in polyacetylene””. This polymer is the first example of a non-acetylenic
hydrocarbon polymer that can be doped with electron acceptors or electron
donors to give polymers with metallic properties. This lead to the development
of a new family of polymers, which with appropriate structural modifications
can display conductivity from poor semiconductors comparable with that of

copper.

The basic requirements of an organic material to become electrically
conductive' are that the component molecules or basic repeat units must be
arranged in close proximity with overlapping orbitals with large extension
perpendicular to the plane of the molecule. They must possess electron
withdrawing substituents or highly polarizable side groups attached to the
chain. The arranged units must be in crystallographically similar environments.
This condition implies that the location of electrons is forestalled. Most general
feature for efficient charge transport in organic systems is the existence of
equally spaced atoms or groups not all in the same oxidation state. Migrations
of positive charges occur from one end of the molecule to the other. Such a

system will be metallic if it were infinitely long.
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There are two types of electrical conductors, ionic and electronic. lonic
conduction in polymers is associated with polyelectrolyte, whereas clectronic
conduction is associated with n-conjugated polymers and is a relatively new

phenomenon.

10.1CONDUCTION MECHANISM IN CONJUGATED POLYMER

The reduction or oxidation process consists of adding or removing one
electron to or from polymer chain, which causes the injection of states from the
top of the valence band and bottom of the conduction band into the energy gap.
This electronic excitation in polymeric material is accompanied by a distortion
or relaxation of the lattice around the excitation, which minimizes the local
lattice strain energy. The combined structural and electronic excitation will
now look like a defect on the chain. From a chemical viewpoint, this defect is
interpreted as a radical cation or radical anion, whereas physicists refer to it as

a polaron which carriers both spin (1/2) and unit charge.

Removal or addition of a second electron from or to a polaron results in
the formation of a bipolaron. A bipolaron is thus identified as a dication or
dianion associated with a strong lattice site distortion, i.e. a bipolaron consists
of two coupled polarons with charge equal to 2¢” and zero spin. The energy
increase due to the coulombic repulsion (in the formation of a bipolaron) is
compensated by the energy gained when the two charges share the same lattice
distortion. Quantum chemical calculations indicate that the formation of

bipolaron requires 0.4 eV less encrgy than the formation of two polarons.
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Bipolarons must be formed by the coupling of pre existing polarons or possibly

by the addition of charge to pre-existing polaron.

P TV T VAV VN

Polyene l +e-

/G\AMM
. o
Polaron (radical anior‘l ¢
©

PR T VT Y

@
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/\/\/\/e\/\/\
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Scheme 10.1.1 Formation of charge carriers in conjugated polymer

In the case of polymers with degenerate ground state as in the case of
polyacetylene, the charges can migrate apart to form solitons, ie. two
energetically equal structures at a point where they couple give a surface effect
known as kink or a soliton. Soliton means ‘solitary wave’, implying a non-
linear phenomenon involving non-dispersive transport of energy in a dispersive
medium i.e. soliton has a movement. In a conjugated system soliton may be
neutral, positively or negatively charged according to the number of electrons

in the m-orbital. The separation of the charges is possible because a polyene
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segment of equivalent energy is formed between the charges as they separate.
The formation of polaron, bipolaron and soliton is represented in scheme

10.1.1.
10.2 POLYANILINE (PANI)

The interesting variety of electronic structures that distinguishes PANI
from other common conducting polymers was known from an early study by
Green and Woodhead''. Among all conducting polymers PANI has a special
representation due to its easy synthesis, environmental stability, simple non-

redox doping by protonic acids etc.

PANIs can be considered as being derived from a polymer, the base form of

which has the generalized composition

As seen from the above structure it consists of reduced and oxidized repeating

units. The average oxidation state (1-y) can be varied continuously from zero,

the completely reduced leucoemeraldine
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To half, the “half oxidized’ polymer emeraldine

OO

to one, the completely oxidized polymer pernigraniline.

KOO OO

MacDiarmid et al.'? described five oxidation states and colours of PANI as:

fully reduced or leucoemeraldine, protoemeraldine, emeraldine, nigraniline and
pernigraniline. Protoemeraldine and emeraldine are conducting forms in the

protonated state.
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10.3 SYNTHESIS OF PANI

Chemical methods'? (figure 10.3.1) are widely employed for the
synthesis of sotuble and processable conducting polymers, electrochemical
pathways are also used in several cases, and photochemical method is also

known.

The simple polymerization process can be represented as

ANy N
Al’-NH2 W r-NH-Ar-NH, e 2H*

Further oxidative

Ar-NH-Ar-NH-Ar-NH, towmng —— Polyaniline

The most preferred method for synthesis 1s to use either HCl or H,SO4 with
(NH4):S;0x as an oxidant'*'”. Oxidative polymerization is a two electron
change reaction and hence, the persuiphate requirement is one mole per mole
of a monomer. However, the smaller quantity of oxidant is used to avoid

oxidative degradation of the polymer formed.

Several reports are there on the electrochemical synthesis of PANI'®.
Electrochcmical polymerization is carried out by dissolving 0.1 mole of aniline

in 1 mole protonic acid in distilled water at the platinum electrode by
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Anihine salt of protonig Protonic acid
acid+ protonic acid (NH4)28208

N/

Mixed with stirring
0-5°C,2h

|

Filtered (ppt. collected)
lWashed with distilled

water, methanol/acetone

Dried under dynamic vacuum,
60-80°C, 8 h
EMERALDINE SALT

|

Treated with 0.1 M NH,OH
6 h, PH ~9

Filtered, ppt.collected

Washed with distilled
water, methanol/acetone

Precipatate dried under
dynamic vacuum,
60-80°C, 8 h

|

EMERALDINE BASE

Figure 10.3.1 Flowchart for chemical synthesis of PANI

Cochin University of Science And Technology 316



Conducting Polyaniline and its Nanocomposites

galvanostatic, potentiostatic or potentiodynamic methods as adopting the

following conditions. Mechanism of PANI formation is shown in scheme

10.3.1.
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Scheme 10.3.1 Mechanism of electrochemical polymerization of aniline
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1. Galvanostatic ___ constant current — Cd 1-10 mA during
electrolysis

2. Potentiostatic — Keeping potential constant

3. Sweeping the potential _, Betwcen two potential limits - 0.2

to+1.0 vs SC

Electro polymerization appears to be a very straight-forward synfhesis,
but for a proper understanding of the phenoinenon attention should be paid to
the metal electrode/solution interface. Electrode matenais normally used are
transition and noble metals, whose electronic properties are governed by
stronger localization of the d and f atomic orbitals, and the electronic work

function of a metal plays an important role.
10.4 DOPING

The concept of doping is the unique, central, underlying and unifying
themes, which distinguishes conducting polymers from all other types of
polymers'g. The controlled addition of known, usually small (< 10%) non
stoichiometric quantities of chemical species results in dramatic changes in the
electronic, electrical, magnetic, optical and structural properties of the
polymer. Doping is reversible to produce the original polymer with little or no

degradation of the polymer backbone®™?'.
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Table 10.4.1 Conductivity of electronic polymers

Conductivity Conductivity
(Sem™) (Sem™)
Metals Ag, Cu 10° Doped trans 10°
Mg 10t (CH)x 10°
Doped PANI
Sermi- Ge 107 Trans (-CH-)x 10°?
conductors

Si 10

Insulators Nylon 10" PANI 10
Quartz 10776

Conductivity increases with doping as seen from table 10.4.1. By
controliably adjusting the doping level, conductivity anywhere that of the non-
doped and that of the fully doped form of the polymer can be easily obtained.
Conducting blends of a (doped) conducting polymer with a conventional
polymer (insulator), whose conductivity can be adjusted by varying the relative
properties of each polymer, can be made. This permits the optimization of the
best properties of each type of polymer. PANI provides the prototypical

example of a chemically distinct doping mechanism®.

Protonation by acid-base chemistry leads to an internal redox reaction
and the conversion from semiconductor (emeraldine base) to metal (the

emeraldine salt) (scheme 10.4.1). The chemical structure of the semiconductor
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emeraldine base form of PANI is that of an alternating copolymer. Upon
protonation of the emeraldine base to the emeraldine salt, the proton induced
spin-unpairing mechanism leads to a structural change with one unpaired spin

per repeating unit, but with no change in the number of electrons.

OO0

2HA

Nerqetiagme!

Bipolaron

|
Werastzemae

2 Polarons'

2 Separated Polarons

Scheme 10.4.1 Internal redox reactions leading to the formation of polaron and

bipolaron as a function of dopant
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The result is a half filled band and potentially, a metallic state where
there is a positive charge in each repeating unit (from protonation) and an

associated counter ion such as ClI', HSO,', dodecyl benzene sulfonate etc.

PANI on doping to emeraldine salt form, undergoes an insulator to
metal transition with a concomitant conformational change in the polymer
back bone to accommodate this electronic transition. Zheng et al” have
suggested that this conformational change from compact coil to expanded coil
is initiated by a proton doping mechanism, which generates (without loss of
electrons) charge carriers along the backbone. The columbic repulsion of these
polarons forces the polymer chain to adopt a more planar conformation. The
result of this conformational change is a reduction of structural defects along
the PANI chain, which increases the m-orbital overlap between the phenyl n-
electron and nitrogen p-electrons. This, in turn increases both conjugation of
the chain backbone and the polaron delocalization length. However, due to this
conformational change, and greater polarity of the ionomeric form, the
solubility of salt form is markedly reduced in dimethyl sulfoxide (DMSQ) and
N-methyl pyrrolidone (NMP) solvents compared to PANI base. This has
resulted in PANI being often categorized as an intractable polymer. Recently,
several methods has been reported to dissolve and process PANI in NMP,

selected amines, conc.H2SO, and other strong organic acids.

The melt and solution processability of PANI can be increased by
protonation of PANI with a functionalized protonic acid. A tunctionalized

protonic acid is generally denoted as H'(M'-R), where H'M" is the protonic
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acid group which may be sulphonic acid, carboxylic acid, phosphonic acid,
suiphate or phosphate etc and R is an organic group. The proton of the protonic
acid reacts with imine nitrogens of PANI and convert the base form to the
conducting salt form; the (M™-R) group which serves as the counter ion. The R
functional group is chosen to be compatible with non-polar or weakly polar
organic solvents (e.g. dodecyl benzene sulphonic acid and camphor sulphonic
acid). The organic substituted groups lead to solubility in common solvents
such as toluene, xylene, chloroform etc and to compatibility with bulk
polymers with similar molecular structure. The functionalized counter ions act
as surfactants that enable intimate mixing of PANI in a variety of bulk
polymers. PANI can be made soluble by substituting one or more hydrogens
by alkyl, alkoxy, aryl, hydroxyl, amino or halogen groups in an aniline

nucleus.

10.5 PANI - MONTMORILLONITE NANOCOMPOSITES

With the advent of newer and newer technologies, the demand for
materials possessing a combination of a wide range of desirable properties is
increasing day by day. One of the techniques to develop such materials is the
formulation of composites from compatible materials individually possessing
the desirable properties. In view of light weight, low cost, low temperature
fabrication as well as mechanical strength and environmental stability,
electrically conducting polymer, PANI with inorganic materials to form

composites are important. Thus conducting polymers such as PANI have
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attracted great attention from researchers engaged in the research and

. . . .24
development of new materials for various areas of modern engineering””.

The introduction of an organic guest into an inorganic host material by
the intercalation technique has resulted in the fabrication of nanocomposite
materials with high potential for advanced applications®. These
nanocomposites consist of multilayered sandwich — hke elements in which
polymer chains are sandwiched between ultrathin sheets of an inorganic
partic]ez6. Such confinement of polymer molecule is expected to lead to a high
degree of polymer ordering and enhanced thermal and oxidative stability

which is hard to find in pristine polymers.

It is important to note that many fundamental applications have
become possible due to the use of nanoscale structural models for conducting
polymers. Nanocomposites based on conducting polymer” and different
inorganic compounds are the representatives of the further development of
1deas about nanostructuring, because such nanocomposites display novel and
frequently important mechanical, electronic, magnetic, optical and catalytic
properties inaccessible to both individual components of the nanocomposites

2 The applications of polymer and inorganic

S ) e 30,31
matenals includes as flame retardant, selective gas permeabihity 0

and their micro analogues

and other

synergistic properties that cannot be attained from individual materials*>™.

34,35

Bein et al. demonstrated that encapsulation of PANI in a three

dimensional host lattice (i.e. zeolites) and also reported the preparation of
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conducting PANI filaments in a channel of mesoporous host MCM-41. This
represents an important step towards the design and understanding of well
defined conducting structures for nanometer scale electronic devices. Of the
many possible organic guest/inorganic host combination available for study,
the intercalation of PANI into layered compounds has received a great deal of
attention and interest in the past decade. Many hybrid composites such as
PANI/VOPO,2H,0°°,  PANI/FeOCI’’,  PANI/MoOs*,  PANI/V,0s%
PANV/graphite oxide™, PANV/clay*“Setc have been synthesized and studied.

2

The combination of conducting polymer with host materials having different
characteristics leads to new hybrid materials with novel properties and
different conformation of polymer chains in the interlayer space may enable to

further charactenze the polymer structure.

Nano silicate layers leads to nanocomposites with important tensile
strength and modulus, reduced gas permeability and decreased thermal
expansion coefficient when compared with micro and macro composites
counterparts and pure polymer matrix because of the high aspect ratio (width
to thickness, 100~1000) of silicate layers and large surface area available for

contact with the matrix polymer.

Clays among other hosts are natural, abundant and inexpensive mineral
that have unique layered structure, high mechanical strength as well as high
chemical resistance. Adoption of montmorillonite clay to the field of
nanocomposites lies in its small particle size (<10 pm), ease of intercalation,

easy hydration and capability to contain various organic/inorganic materials*’.
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Their lamellar elements display high in-plane-strength, stiffness as well as high
aspect ratio*®. Montmorillonite is the most abundant naturally occurring clay

mineral.

Present study includes the preparation of PANI/montmorillonite
composites and its characterization to know the nanocomposite structure. The
confined, enhanced and non-expandable pillared clay (PILC) layers ofter high
polymer ordering within the matrix. The catalytic environment of
montmorillonite allows efficient polymerization that allows high degree of
polymer order and the restricted PILC matrix allows the formation of PANI

nanofibers within the matrix.

The experimental procedure and characterization techniques used are
discussed below. Next chapter discusses the results of nanocomposite fibers

prepared over PILCs.

10.6 PREPARATION OF PANI/PILC NANOCOMPOSITES

The study of conducting polymers has become a major part of modern
material science and In many institutes and commercial establishments
involves multidisciphinary research 1into chemical synthesis, polymer
preparation, electronics, physics and applied physics. The combination of
metal-like or semiconducting conductivity and processability of classical
polymers has created opportunities for scientists and technologies to

investigate possible technological applications.
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The most important characteristic of monomer molecules for the
formation of conducting polymer is the requirement for the conversion of a
closed shell system to a corresponding cation or anion radical and the stability
of the product to form during the process. PANI is generally prepared by either
chemical or electrochemical oxidation of aniline under acidic conditions. The
control of the morphology of conducting polymers is a very stimulating
challenge. The confined media polymerization of these conducting polymers is

a very pertinent way to give them controlled shape and dimension.

PANI nanocomposites are prepared using PILCs as the inorganic host material.

Materials Suppliers

Aniline Merck
Ammonium peroxodisulfate  Qualigens
Hydrochloric acid Qualigens

Ethanol s.d.Fine chemicals
Acetone s.d.Fine chemicals
Montmorillonite, KSF Aldrich

Na+-Exchanged Montmorillonite

PILCs

All materials are of high purity and used as it received

The nanocomposite is prepared by in-situ intercalative polymerization

of aniline. The PILC is added to 1 M HCI aqueous solution and is stirred for 1
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h. Aniline monomer is then added to this colloidal suspension of clay in a ratio
of 50 mmol aniline/g clay, stirred for the intercalation of aniline nto the
silicate layers and is kept at 0°C. Ammonium persulfate, (NH4)2S:0s,
dissolved in 1M HCl is added slowly to solution contaimng anihne and PILC
at an aniline/oxidant molar ratio of 1:1.25, then stired for 8 h and is kept
overnight. The nanocomposite is separated by filtration and washing with
acetone, methanol and distilled water. This is done to remove oligomers.
excess oxidant and residual aniline monomer. The dark green
PANI/Montmorillonite composite thus obtained is dried at 50°C. The washing
for the removal of excess monomer and oligomers formed are done by

extraction in a soxhlet apparatus.

The composites obtained are designated as PM, PNM, PXM and PXYM
respectively when the clays are M, NM, XM (single PILCs) and XYM (mixed
PILCs).

10.7 CHARACTERIZATION OF PANI/MONTMORILLONITE
NANOCOMPOSITES

A thorough characterization of the composites are needed to know the
extent of hybrid formation, structure of PANI within the layers, the polymer
order, morphology, nature of charge carriers and stability of the polymer
backbone within the layer. Here the different characterization techniques used
and the results available are discussed. All instruments for the characterization

studies are the same which is used in clay characterization.
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10.7.1 FTIR ANALYSIS

PANI as described in 10.2 possess various structures among which
cmeraldine form is commonly found and promising with emeraldine salt
possessing high conductivity. FTIR analysis reveals the chemical structure
because the amount of energy (IR radiation) adsorbed is a function of the
number of molecule present and provides both qualitative and quantitative
information. In addition it gives an idea about the extent of oxidation and
degree of protonation in the polymer chain. Infrared spectroscopy is a powerful
tool to determine the structural changes that occur during doping. Various
groups have reported FTIR results of PANI’"*®. Generally, spectra of the
composite show characteristic vibrations of both clay as well as the polymer.
The peaks due to the benzenoid ring of PANI are present at around 1500 cm™,
1512 cm’’, 1484 cm’', 1289 cm’, and 824 cm’'. Peaks at around 1581 cm’’,
1172 cm’, and 800 cm™ correspond to quinoid ring. The Si-O-Si stretching
frequency of the clay matrix (~1050cm™') present in the composite confirms the

retention of basic clay structure’.
10.7.2 UV-VIS DRS ANALYSIS

The possible electronic transitions give an idea about the type charge
carriers present in the PANI/montmorillonite nanocomposites. The diffuse
reflectance spectra of PANI/montmorillonite shows peaks due to n- n* (325-
360 nm), polaron - n* (400-430 nm) and = - polaron (780-826 nm) when PANI

is in the doped state’ B39
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10.7.3 XRD PATTERNS

XRD patterns of the PANI/Montmorillonite composites gives 2 types
of observations. First one is the information about whether PANI is
intercalated between the clay layers or not. In the casc of montmorillonite as
well as ion exchanged montmorillonite there is layer expansion as a result of
polymer intercalation. This is found from the shift in 28 value of ~8.9° in
montmorillonite corresponds to the periodicity in the direction of (100) plane
of the clay saraple. Intercalation of PANI between the clay layers is evident
from the shift of the peak towards left from Bragg equation. It is not possible
in PILCs where appreciable layer expansion is already present but, the
retention of the expanded layer structure may indicate that PANI polymers

formed within the layers are in the order of nanometer range (<23 A).

The second information available from the XRD is about the
crystallinity and thus the polymer order in the nanocomposite. High order leads

to improved properties.
10.7.4 SEM ANALYSIS
The nanocomposite formation and the morphology of PANI within the

matrix of clay layers are clearly seen from SEM pictures. Knowing the

morphology allows the tuning of the composite to the required application.
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10.7.5 TG/DTG ANALYSIS

The composite shows a four step weight loss in thermogravimetric
analysis. The first weight loss just below 100°C is attributed to the loss of
water from PANI as well as from the interlayer galleries of clay. The second
weight loss ranging from 200 - 300°C is due to the elimination of dopant HCI
present®®. The third weight loss is assigned to the thermal decomposition of
PANI backbone chains®'. The weight loss around 620°C is attributed to the
dehydroxylation of silicate structure. The polymer backbone breakage for pure
PANI is at 530.6°C®%. In composite this is shifted to high temperature which
may be due to the additional stability inside the matrix due to the restricted

motion.

10.7.6 CONDUCTIVITY MEASUREMENTS

Conductivity is the reciprocal of specific resistance or resistivity, p. It
can be designed as the conductance of lem® of a material.

Conductivity = (t/a) x (1/R) Sem™". where

t = thickness of the conductor

a = cross secttonal area

R = resistance of the conductor

To determine the value of an electrical resistance of PANI composite,

the dried samples were palletized and placed in between two electrodes which
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were connected to a voltmeter. By applying a known current the resistance of
the pellet was measured directly from the voltmeter.

R=V/1

R - Resistance

V - voltage drop across the resistance due to current ‘I’ passing

through the resistance.

Conductivity of pure emeraldine salt with HC} dopant lies in the order
of 10%-10°. Composite formation with insulator clay will decrease the
conductivity which lies in the order of 10”'-10. Anyway the conductivity can
be tuned to a great extent to required level by varying the dopant
concentration”. The dc conductivity of PANI/clay composites at room

temperature are measured through a linear four-probe Keithley resistivity set

up.
10.8 CONCLUSIONS

=¥ PANLI is found to be one of the most important conducting

polymers.

7 Conductivity 1s due to the presence of conjugated double bonds,

where delocalization is possible.

Composite formation 1s a widely used method for improving the

properties and processability of polymers.
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¢/ Clays, having a unique layer structure are important inorganic

N

host material for the hybrid nanocomposite formation.

PANI/montmorillonite nanocomposites are prepared by using
(NH4)2S;0¢ as the initiator oxidant following the in-situ
intercalation of the monomers within the layers and subsequent

oxidative polymerization.

FTIR shows the structure of PANI inside the layers and the

basic clay layer retention.

UV-Vis DRS Analysis shows the possibie electronic transition
over the PANI chain.

XRD pattems show the intercalation and the crystallinity of
PANI within the layers.

The morphology of the nanocomposite formed is studied from

SEM photographs.

TG/DTG shows the temperature of PANI backbone breakage in

composites.
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Chapter 11

POLYANILINE/PILLARED CLAY
NANOFIBERS

Materials and material development are fundamental to our very culture.
The nanoscale, und the associated excitement surrounding nanoscience
and technology. affords unique opporwunity to create revolutionary
material combination. Polymeric nanocomposites have been an area of
intense industrial and academic research for the past 20 years. lts
importance comes from providing value - added properties not present in
the neat polymer without sacrificing the polymer’s inherent
processability and mechanical properties. Clay/polvmer nanocomposites
offer tremendous improvement in a wide range of physical and
engineering properties. This technology can be applied commercially
and has received great attention in recent years. The production of
polyaniline molecular wires and tubules in nanometric scale dimension
are a very stimulating challenge. The confined polymerization within
clay lavers is a very pertinent way to give them controlled shape and
dimension. These layered conducting materials are very well suited for
electrochemical applications. This chapter discusses the results of

Polyaniline/PILC nanofiber formation using various analytical methods.
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11.0 INTRODUCTION

Conducting polyanilines have increasing scientific and technical
interest to synthesize a broad variety of promising new materials due to its.
unique electrical, optical and optoelectrical properties as well as its ease of
preparation and environmental stability'?. The formation of polyaniline
(PANI) composites with inorganic materials provides new synergistic
properties that cannot be attained from individual materials®*. The ability to
have a tunable conductivity by doping make PANI an tdeal matenal for the
applications in batteries’, microelectronics®, displays’, antistatic coatings®,
electromagnetic shielding materials’, sensors and actuators'®. From the
industrial point of view the fabrication of a thenmally processable conducting
polymer would be preferable. Composite formation improves the thermal
stability, mechanical strength''; gas barrier'?, fire retardant properties'’,
processability etc of PANI and the electrical conductivity can be tailored for a
given application. They have attractive mechanical and other properties of the

inorganic material.

Clay/polymer nanocompostites offer tremendous improvement in a wide
range of physical and engineering properties for polymers and this technology
can now be applied commercially and has received great attention in recent
years'’. The montmorillonite clay whose lamella is constructed from an
octahedral alumina sheet sandwiched between two tetrahedral silica sheets,
exhibits a net negative charge on the surface layers, mainly due to substitution

of some AI'' by Mg*'. Cations such as Na' or Ca®' are present between layers
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to compensate the net negative charge:’5 . Nowadays, one - dimensional
conducting polymer nanostructures has been synthesized both chemically and
electrochemically through polymerization of the monomer with the aid of an

external template (e.g. anodized alumina or track-etched polycarbonate)”"”, or

18-20

a self assembly process In addition, the multifunctionalized PANI

nanotubes or nanowires have also been synthesized either by doping with a

21,22

functional dopant or by blending with inorganic, electrical, optic, and

magnetic nanoparticles to form composite nanostructures®.

Clays, due to many attractive properties (section 10.5) are adapted to
the field of inorganic material for the hybrid formation. PAN! is prepared
either chemically or electrochemically by oxidation of aniline under acidic
conditions and some photochemical methods are also used. Although many
papers on PAN!/clay nanocomposites have been published in the literature®* 2,
no paper dealing with PANl/montmorillonite composite nanofiber has been
published yet. Here the successful synthesis of PANI/montmorillonite
composite nanofibers with pillared clays (PILCs) is well established using

various characterization techniques. The role of confined matrix and catalytic

environment in the polymer formation is investigated.
11.1 RESULTS AND DISCUSSION
Smectites are hydrophobic, arising from the hydration of the interlayer

alkalt metal and alkaline earth cations. Thus they are incompatible with many

polymer systems. One common solution for this is ion exchange reactions with
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cationic surfactants, such as organic ammonium and phosphonium 1ons, render
the layered silicate organophilic. Pillaring results in a decrease in the interlayer
hydrated cations present within the layer and thus decreasing the hydrophobic
nature. This results in enhanced intercalation. Additionally, PILCs have
increased interlayer distance and porosity allowing the intercalation of more

and more monomers for efficient polymerization within the matrix.

Two idealized polymer-layered silicate morphologies are
conventionally discussed, intercalated and exfohated. Intercalated structures
results from polymer penetration into the interlayer and subsequent expansion

031 The expansion of the

to a thermodynamically defined equilibrium spacing
interlayer is finite (<10 A), and is nominally associated with incorporation of
individual polymer chains (scheme 11.1.1). In contrast, idealized exfoliated
morphologies consist of individual nanometer-thick silicate layers suspended
in a polymer matrix, and result from extensive penetration of the polymer
within and delamination of the crystallites. The greatest property
enhancements are observed in exfoliated structure. These two structures are
thought to be thermodynamically stable and have been predicted by many
field’® and self consistent field models®'. The formation of one dimensional

PANI nanostructures is most important and nanofibre/nanowire/nanotube

preparation is a challenge.

We have synthesized PANI nanocomposite fibers through in-situ

32-37

polymerizatton of amline inside the matrix of pillared montmorillonite. To

the best of our knowledge no papers dealing with PANI/montmorillonite
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composite nanofibers have been published yet. This may be due to a low
amount of exfoliation occurring to silicate layers. Eventhough there is
intercalation, the Van der Waals force binding the clay layers is weak and in
aqueous solution, the layers swells and some silicate layers may become
exfoliated. This prevents one-dimensional structural formation since the

confined matrix is relaxed.

[ ]

Clay suspension in HCI % @_
NH, i I

Oxidant
H
[ ]

PANI - Clay nanocomposite

Scheme 11.1.1 In-situ intercalative polymerization of aniline inside the clay

layers

As already mentioned, pillaring of montmorillonite results in enhanced
interlamellar distance and the force acting between the clay layers become
covalent upon pillaring’ ¥ Since in PILCs the further layer expansion in polar
medium is absent (swelling properties are lost’”) which is found in
montmorillonite, there is no chance of exfoliation. This may result in increased
intercalation of aniline mto the matrix and polymerization occurs in the
confined environment and as a result, polymer with high crystallinity and

polymer ‘order are expected. This explains the nanofiber formation. Scheme
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11.1.2 shows a representation of well ordered PANI/PILC nanocomposites.
This assumption is proved from the various characterization methods used and

are discussed below.

Scheme 11.1.2 Pictorial representation of the relative arrangement of Polymer-

Intercalated particles in the pillared clay (PILC) matrix

11.1.1 XRD ANALYSIS

Microscopy is a useful tool to provide real-space information on the
special distribution of the phases and defect structures. However it is not
always feasible to use microscopy as a rapid characterization tool. In contrast,
diffraction and scattering rapidly provide globally averaged information,
potentially over six or more orders of magnitude, and with the potential for in
situ, real-time studies. Traditionally, powder diffraction is used to characterize
the structure of polymer-layered silicate nanocomposites. The extensive use of

powder diffraction for these nanocomposites is largely based on the established
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procedure developed for identification and structural characterization of

layered silicate minerals.

Powder diffraction 1s used to monitor the position, full width at half
maximum (FWHM) and intensity of the (100) basal reflection corresponding
to the repeat distance perpendicular to the layers. From the FWHM, we can
calculate the dimension of the intercalated polymer using scherrer equation (L,
= 0.9MB cosB), where B is the FWHM. But in the nanocomposites of PILCs,
since the layers are already expanded, further layer expansion is not possible
and we cannot find the exact dimension. The intercalated polymer dimension

will always be less than the interlayer space.
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Figure 11.1.1 XRD patterns of the composites with M and NM

Cochin University Of Science And Technology 343



Chapter 11

Figure 11.1.1 represent the X-ray diffraction pattern of parent as well as
ion exchanged clay and their composites. It is clear that layer expansion is
found to be almost absent in M where NM upon composite formation shows a
peak at a 26 value of 6.46°. This is an indication of layer expansion as a result
of PANI intercalation. Thus the inserted PANI is in the nanometer range (<15
A). But the peak at 8.9° still remains which shows that the ion exchange with
anilinium ions is not complete and most of the lavers remain un-intercalated.
Thus over M and NM, the polymerization is not effective as in the case of bulk
PANI and is clear from XRD patterns. This may be due to the high temperature
treatment of M and NM during calcination at S00°C in the present work. At
this temperature the layer collapse of un-PILCs starts. This process limits the
intercalation of aniline and effective polymerization. This factor is again
proved from the large amount of monomer and oligomers separated dunng

soxhlet extraction.

We can not prove polymer intercalation from the diffraction of (100)
plane due to the reason that, in PILCs the layers are already expanded and
further layer expansion is not possible as in the case of montmorillonite or
organically modified montmorilionite. The force acting between the clay layers
become covalent upon pillaring and this is the reason for the absence of layer
expansion over PILC nanocomposites. In montmorillonite clays there is ionic
attraction between layers and thus expansion occurs as a result of polymer
intercalation. We propose intercalated polymer nanocomposite formation

within the layers.
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Figure 11.1.3 XRD patterns of PILC and nanocomposite

11.1.2 FTIR SPECTRA

The structure of the confined conducting polymer nanocomposites are

understood from IR analysis. It is helpful in deciding the presence of

benzenoid and quinoid rings present, the extent of oxidation, whether

protonation had occurred or not etc. The FTIR of some representative

nanocomposites are shown in figure 11.1.4.

In the nanocomposites characteristics peaks of doped PANI are

observed at 1578, 1496, 1306, 1248 and 836 cm", corresponding to On.y

(quinoid ring structure), Sx.u (benzenoid ring structure), ven, Vo', dc. (out of

plane bending ), respective'ly43 . The peak at 1151 is due to the 8¢y in plane
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bending of the quinoid ring. Chracteristic peak of PILC is observed at 1053
em” (vsio)™. The peaks at 1248 cm™ and 1306 cm™ originate from the C-N
stretching vibrations associated with the oxidation or protonation (doped)

states in PANI*’. FTIR of different PILCs are shown in chapter 3, figures
3.6.1 and 3.6.2.
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Figure 11.1.4 FTIR spectra of some selected PANI/PILC nanocomposites
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11.1.3 UV-VIS DIFFUSE REFLECTANCE SPECTRA

The diffuse reflectance spectra of PANI/PILC (figures 11.1.5 and
11.1.6.) and PILC (figures 3.8.1 and 3.8.2) gives information about the extent
of delocalization and the interaction of PANI within the clay matrix.

PANI/PILC shows peaks due to n- n* (371 nm) and polaron- n* (458 nm).
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Figure 11.1.5 UV-VIS DRS of PANI/PILC composites

The results suggest that the prepared PANI is in the doped state*®.
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On nanocomposite formation the UV absorption around 360 nm present
in Cr containing PILCs are strengthened, which is due to the overlap of peaks
of n- * transitions in PANI with the d-d transitions of chromium ions present

in the clay. This result indicates that there is strong interaction between PANI

and PILC.
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Figure 11.1.6 UV-DRS of PANI/PILC nanocomposites

In bulk PANI a strong absorption peak generally appears between 780-
826 nm as a result of m-polaron transitions**"’. But in the hybrid

nanocomposite this peak is not sharp and is broadened. The broad absorption
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around 750 nm is a characteristic band of the polaron of PANI — emeraldine
salt, formed by the head to tail coupling of the anilinium radical'® The
broadening may be due to the shift of peak towards near IR region® (free-
carrier tail’’, in the higher wavelength region). It is consistent with the
delocalization of electrons in the polaron band promoted by an extended
conformation of the polymer chains.

11.1.4 SEM ANALYSIS

Figure 11.1.7 SEM photographs of PANI/montmorillonite, PANI/Na’-

montmorillonite and PANI-single PILC nanocomposites

Inside the clay layers which are apart in the nanometer scale, the
interaction of different polymer chains are eliminated and the chain contraction
is limited. This strengthens the interaction between the polarons, and the
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polaron bands become more dispersed in energy. This explains the presence
broad bands where polaron transitions are present’'.

WKV WD7. 100005

Figure 11.1.8 Enlarged SEM photograph showing nanofibers of PCM PILC

composite

SEM photographs in figure. 11.1.7, 11.1.8, 11.1.9 and 11.1.10 show the
_nanofibrous morphology of PANI/PILC composites. The layered structure of
the clay is evident from SEM pictures shown in chapter 3, figures 3.1.15 and
3.1.16. The enhanced layer distance and confined media results in polymer
with high crystallinity and polymer order are expected. This explains the
nanofiber formation as seen in the SEM pictures.
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Note that traditional chemical polymerization in the presence/absence
of any inorganic material using common mineral acids yields granular
PANI**®. Here the parent and Na'-exchanged clay composites did not show
any fibrous nature and is comparable with reports. Thus the nanofiber
formation is a result of pillaring of clays is evident.

Figure 11.1.9 SEM photographs of PANI-Mixed PILC nanocomposites

The morphology of the composite seen from SEM photographs
suggests polymer intercalation. The nanofiber formed within the clay layers
may be molecule fiber of doped PANI. Molecular models and crystal structure
studies of emeraldine. HCSA® synthesized by surfactant-assisted chemical
oxidative polymerization of aniline in dilute aqueous organic acids shows that
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the “diameter’ of a single chain (molecule fiber of doped PANI) is in the range
1.0- 1.8 nm.

15Ky wd ldmm 20000

PANI-PILC

Figure 11.1.10 Enlarged SEM photograph showing nanofibers of PTAM
composite

PANI nanofibers obtained in that study are chemically robust
nanofibers having average fiber diameter in the range 30-50 nm and they
deform readily under mechanical stress and fragment to smaller pieces (of fiber

diameter 1.0-1.8 nm) under strong probe sonication.
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SEM pictures in the present study show that diameter of the PANI
fibers are between 100 nm - 300 nm. We suggest aggregation of the single
PANI chains as it emerges out the clay layers. It is reported that one nanofiber
contains lots of PANI chains. In HCI doped PANIs CI ions have small size.
Then the interchain separation may be small, resulting in an existence of strong

coherence/coupling between the chains®*®,

11.1.5 TG/DTG ANALYSIS

In order to clarify whether PANI is formed within the clay layers,
TGA/DTG (Derivative Thermogravimetric curves are shown in fig. 11.1.11)
analysis of the clay as well as composite is taken. In montmorillonite clays, the
huge weight loss in the 50-150°C regions is due to the removal of the
physically adsorbed water molecules present. However at higher temperature
the weight loss is more gradual without any well-defined inflection point.
These losses have been assigned to the removal of chemisorbed water. The
weight loss corresponding to the dehydroxylation of the clay sheet is found to
be occurring in temperature range of 425°C - 650°C. From the DTG of
montmorillonite the weight loss around 620°C is clearly seen as a dip (minima)

which is attributed to the dehydroxylation of silicate structure?.

Figure 11.1.11 show the DTG curves for PANI/PILC nanocomposites
of representative systems. The composites show a four step weight loss, as can
be seen from the four minima in the DTG curve indicating the majority weight

loss for respective steps.
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Figure 11.1.11 DTG plots of some representative PILC nanocomposite fibers

The first weight Joss just below 100°C is attributed to the loss of water

from PANI as well as from the interlayer galleries of clay. The second weight

loss ranging from 200 - 300°C, centered at 275°C is due to the elimination of

dopant HCI present

57,58

. The polymer backbone breakage for pure PANI (ES)

is at 530.6°C>. In composite PCM this is shifted to 579.2°C, a higher

temperature by about 48.6°C which may be due to the additional stability

mside the matrix as a result of restricted motion. Similar shift is seen in all
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PILC composites. The fourth weight loss in the composite occurs at 763.3°C

which may be due to the silicate layer dehydroxylation.
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Figure 11.1.12 TG/DTG pattem of NM and PNM

These results suggests that the intercalated nanocomposite system is
more thermally stable, i.e. upon nanohybrid formation the stability of organic
as well as inorganic material is enhanced. A shift is also seen for both PM and

PNM but is less when compared to PILCs this supports the additional stability
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over PILCs. The weight loss around 750°C seen in the PILC DTG shown in
figure 6 is attributed to the dehydroxylation of silicate structure, loss of water

from the interlayer galleries results in a weight loss around 100°C.

Weight (%)

% T W e & e & A W0

Figure 11.1.13 TG/DTG pattern of ACM and PACM

Figure 11.1.12 shows the TGA/DTG pattern of PNM where similar
pattern with a shift of polymer backbone breakage temperature towards .S i o

Figure 11.1.13 shows the TG/DTG pattern of PACM and ACM. Here the shift
is around 47°C.
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11.1.6 CONDUCTIVITY MEASUREMENTS

The dc conductivity of PANI/clay composites show a high conductivity
in the range 10! -107 Scm’', which is found to be comparable with the PSSA-
g-PANI/montmorillonite composite that contains 13% clay®. Present study has
19% clay in the composite. By varying the dopant concentration and by the

introduction of other dopants, conductivity can be tuned to the required level.

Table 11.1.1 dc conductivity of PANI/clay nanocomposites

Composite  Conductivity (Scm"w
x 1072
PM 6. 25
PNM 8.70
PTM 9.09
PZM 20.11
PAM 1.90
PCM 3.72
PTZM 9.05
PTAM 232
PTCM 3.86
PAZM 12.05
PACM 2.02
PZCM 15. 32
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11.2 CONCLUSIONS

From the above results and discussions we reach in the following conclusions.

% Enhanced layer structure of PILCs allowed increased insertion of

monomers,

%7 The increased porosity and intercalation properties allowed efficient
polymerization of aniline within the matrix with high polymer

order.

¥ Highly crystalline nature of the nanocomposite is evident from

XRD patterns.

¥ Polymerization occurs within the non-swellable PILC matrix and

thus one dimenstonal nano structure is expected.

% Formation of PANI/clay nanocomposite is confirmed from FTIR,

XRD, DRS, SEM and TG analysis.

¥ PANI formation inside pillared clay matrix leads to nanofiber

formation, fibrous morphology is evident from SEM pictures.

¥ In composite polymer backbone breakage temperature 1s shifted
which may be due to the additional stability inside the matrix due to

restricted motion.
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¥ FTIR and UV-DRS spectral analysis shows the strong interaction
between PANI and PILC.
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Chapter I 2

SUMMARY AND CONCLUSIONS

Recent advances in the intercalation chemistry of smectite clays has
rekindled interest in these material as catalysts, catalyst support
inorganic-organic hybrid nanocomposites etc. Smectite intercalation
compounds make use of robust cations as molecular props or pillars
between the silicate layers that leads to the formation of porous networks
analogous to zeolites. These pillared clays (PILCs) have pore size larger
than those of zeolites that offer promising new means of facilitating the
reactions of large molecules. By mediating the chemical and physical
forces acting on interlayer reactants, one often can improve catalvtic
specificity. Present work deals some industrially important Friedel-
Crafts alkylation reactions where shape selective constraints of PILCs
leads to the desired product formation. The enhanced layer distance as a
result of pillaring allowed increased intercalation of monomers for
efficient polymerization within the matrix to form nanocomposites. The
thesis describes preparation, characterization, shape selective solid acid
catalysis and nanocomposites of PILCs and is discussed in the preceding
chapters. This chapter summarizes the resufts and major conclusions of

the present work.
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12.0 SUMMARY

Highly porous solids that possess channels, cavities or cages with
diameters in the range of micro/meso offer the best means for designing or
modifying new inorganic materials with wide applications. In the present
work, structural tuning of montmorillonite clays are done by the method of
pillaring for improving its intercalating properties. This will provide additional
properties such as thermal stability, enhancement in porosity, surface area,
acidity etc with retention of basic layer structure. The pillar metals used are T,
Zr, Al and Cr; mixed pillaring that contains two mectals in a ratio of 1:1 are also
prepared. A thorough characterization of the prepared PILCs is done using
various available techniques. The three dimensional porous network of PILCs
are applied for shape selective catalysis and organic-inorganic nanocomposite

formation. The extracted essence of each chapter is presented below.

Chapter 1 A detailed description of clays is presented in this chapter.
Literature of P1LCs describes the available preparative methods and major
characterization techniques used. An introduction to shape selective catalysis

of PILCs and clay/polymer nanocomposites are also given.

Chapter 2 The materials and methods of PILC preparation, characterization
and catalysis are displayed in this chapter giving the principles and
experimental details of each technique employed. A novel method for Ti-
PILC preparation is presented using titania sol from a cheap precursor titanyl

sulphate. The surface acidity determination by different techniques including
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the test reactions like cumene cracking and cyclohexanol decomposition is the

additional feature of this chapter.

Chapter 3 The physico-chemical characterization of the PILC systems is
discussed in this chapter. Pillaring and the improvement in clay properties are
proved from various analytical results which include CEC measurements,
elemental analysis (ICP-AES), XRD, BET surface area and pore volume
measurements, FTIR Spectroscopy, UV-Vis Diffuse Reflectance Spectroscopy,
TG/DTA analysis and SEM analysis. Acidity measurements are done using
three independent methods such as TPD of NH,, Pyridine 1R and test reactions
for acidity measurements. TPD of NH; and test reactions show the same trend
in acidity of different clays. Cumene cracking reactions allowed the calculation
of relative percentage Brensted and Lewis acid site distribution of present
catalysts. The dual nature of clays is understood from formation of

cyclohexanone in cyclohexanol decomposition reaction.

Chapter 4 A detailed nvestigations on Friedel-Crafts Alkylation Reactions
and the need for the introduction of heterogeneous catalysis for the protection
of environment, following the principles of Green Chemistry is presented in

this chapter.

Chapter 5 Shape selective preparation of cumene, which is the only
intermediate for the co production of phenol and acetone, is presented in this
chapter. The influence of reaction variables, temperature, arene/alkylating

agent molar ratio and WHSV (weight hourly space velocity) is studied in
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detail. In the selected optimum conditions, PILCs are found to be promising
catalysts which operate at low temperature with low amount of coke formation

and reduced operational costs.

Chapter 6 Isopropylation of toluene is carmed out over the clay systems to get
p-cymene as the major product with good conversion. The chapter deals with
the effect of reaction parameters on the catalytic activity, and the comparison
of the activity over various PILCs. The suggested mechanism reveals the role

of acidic sites on isopropanol conversion.

Chapter 7 Ethylbenzene, which is widely used for styrene production, is
prepared using benzene alkylation with ethanol as the alkylating agent. 100%
ethylbenzene selectivity is the major attraction of the present PILC catalysts.

The role of Bronsted acidity on the conversion is correlated.

Chapter 8 Toluene methylation is carried out over PILCs to get good p-xylene
selectivity. Toluene disproportionation i1s minimized or even eliminated by
optimizing the reaction conditions. Acidity — activity relationship is also

investigated.

Chapter 9 Linear Alkyl Benzenes (LLABs), which is used for the production of
Linear Alkyl benzene Sulphonates (LAS), the largest volume synthetic
surfactants, are synthesized over PILCs using l-alkenes as the alkylating
agents. Improved 2-phenyl alkane and monoalkylation selectivity is obtained

in the optimized conditions when compared to the conventional homogeneous
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catalysts. The mechanism suggested supports the perfect correlation obtained
between Brensted acidity and alkene conversion. The selected alkenes are 1-

octene, !-decene and 1-dodecene.

Chapter 10 Introduction and hterature survey of Polyaniline (PANI) and
PANV/clay nanocomposites are given in this chapter. The preparative method

adopted and the characterization techniques employed are discussed in detail.

Chapter 11 Results and discussion of the PANI/PILC composite nanofibers
obtained are explained in this chapter. The increased porosity and intercalation
properties allowed efficient polymerization of aniline inside the PILC matrix
with good conductivity. Formation of PANI/PILC nanocomposite is confirmed
from FTIR, XRD, DRS, SEM and TG analysis. Aniline polymerization inside

PILC layers leads to nanofiber formation.

Chapiter 12 This chapter gives the summary and major conclusions of the work

done. The future outlook is also presented.

12.1 CONCLUSIONS

The major conclusions that can be drawn from the present research

work are the following.

<~ Pillaring is done to improve the structural as well as textural properties

of montmorillonite.
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< Ti, Zr, Al, Cr single and mixed pillared montmorillonite clays arc

(e

prepared and characterized. A novel method for Ti-PILC preparation is

presented. .

FTIR and SEM Analysis of different systems show the retention of

layer structure.

XRD and NMR results confirm pillaring.

High thermal stability is imparted to clays upon pillaring as evident

from thermal analysis and regenerability studies.

The increase in acidity of the parent montmorillonite as well as single
PILC on mixed pillaring is clearly understood from TPD of NH;j,
Pyridine IR and test reactions for acidity which offers the present

systems as efficient catalysts for organic transformations.
Cumene preparation is done in gas phase at low temperature using
isopropanol as the alkylating agent — reduced operational cost & coke

formation with promising cumene selectivity is obtained.

Cymene is efficiently prepared with the pillared systems.
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A good method for the benzene ethylation using ethanol is presented

with 100% ethylbenzene selectivity.

Good p-xylene selectivity is obtained in toluene methylation due to the
restricted porous structure. Disproportionation is found to be minimal

or even absent over PILC systems

The high Brensted acidity and efficiency in Friedel Crafts alkylation

reactions premits LAB synthesis with the present catalyst systems.

High 2-phenyl as well monoalkylation selectivity is obtained with the
PILCs.

The increased porosity and intercalation properties allowed efficient

polymerization of aniline within the matrix with high polymer order.

Formation of PANI/Montmorillonite nanocomposites is confinmed

from FTIR, XRD, DRS, SEM and TG analysis.

< PANI formation inside confined PILC matrix leads to nanofiber

formation.
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12.2 FUTURE OUTLOOK

Clays, which are layered silicate minerals, continued to evoke interest
for basic research because of their applications to such diverse and
technologically important fields as catalysis, ion exchange, environmental
1ssues, and organic-inorganic nanocomposites. This 1s especially true for the
montmoritlonite type clay minerals, where in a so-called 2:1 primary unit
consisting of two tetrahedral silicate layers that sandwich a central alumina
octahedral layer is separated from another via electrostatic interactions that
arise from exchangeable cations in hydrated interlayers. The intercalation of
montmorillonite clays by hydroxy-metal polycations results, after calcination
at approximately 500°C, in the formation of so-called PILCs. When compared
to parent non-pillared montmorillonites such PILCs have been demonstrated to
possess improved thermal stability as well as increased surface area -
porevolume, interlayer distance and surface acidity. The three dimensional
porous structure developed as a result of pillaring allowed shape selective

catalysis and increased intercalation properties.

In the 21™ century we have a growing world population with ever
increasing requirements for better health and living standards which will place
greater demands on the chemical industry. The tarnished image of the industry
can be attributed to the common beliet among the general public that chemical
manufacturing 1s responsible for many disasters and much of the pollution that
plagues our planet. The concept of Green Chemistry is based on the acceptance

that chemical manufacturing needs to be improved and secks to promote
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research into and encourage the application of more environmentally friendly

chemical technologies and processes.

In recent years, solid acid catalysts such as montmorillonite clays have
received considerable attention n different areas of organic synthesis because
of their environmental compatibility, reusability, high selectivity, operational
simplicity, non corrosiveness and low cost. Friedel-Crafts reactions remain a
great challenge for Green Chemistry. In the present study, homogeneous
environmentally hazardous Friedel-Crafts catalysts are replaced by PILC
catalysts where the shape selective constraints lead to the formation of the

desired product.

Solvent minimization can improve a process by reducing the problem
of volatile organic compound emissions, and by reducing the volume required
to carry out a process. Conducting reactions in gas phase in the present work
eliminates the use of toxic organic solvents. Generally one of the reactant is
taken mn excess (only up to a molar ratio of 20 in the present case) to get
improved selectivity of a particular product. In the gas phase reactor, the
catalysts can be reused continuously for hours, for the fresh reagents. High
temperature treatment regenerates the deactivated catalyst (as a result of coke

formation during continuous run) without altering the reaction set up.

This work deals with some industrially important Friedel-Crafts
alkylation reactions of benzene and toluene that gives an idea of the activity of

present PILC catalysts in acid catalyzed organic transformations such as
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substitution, acetalyzation etc. In addition, construction of molecules using
conjugate addition and alkoxyalkylation are reported over clay catalysts, we
proposes present PILC catalysts as better three dimensional reactor for these
reactions. The dual nature of PILC catalysts (both acidic and basic) are
cstablished from the formation of cyclohexanone during cyclohexanol
decomposition reactions which may make PILC clay catalysts efficient in
Michaeal addition and many other reactions where both sites play its own role .
Solid catalysts with both basic and acidic sites are beginning to attract

considerable attention.

Nanotechnology - in the guise of nanoscale-matenals has already been
around for a long time. Today, the term “nanotechnology” refers most broadly
to the use of materials with nano scale dimensions, a size range from 1 to 100
biilionths of a meter, or nanometers. Because this range includes everything
from collections of a few atoms to those protein-based motors, researchers in
chemistry, physics, materials science, and molecular biology all lay stake to

some territory in this field.

Polymer/clay nanocomposites are formed through the union of two
very different materials with organic and mineral pedigrees. The ability of
clays to intercalate organic compound has been largely applied to obtain a
wide family of intercalation materials exhibiting relevant properties. Due to the
synergistic effects that result from adding a small amount of an inexpensive
silicate, the synthesis and characterization of polymer nanocomposites has

been intensely investigated in the last decade. By tailoring the clay structure in
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polymers on the nanometer scale, novel material properties have been found.
Another interest in developing clay/polymer nanocomposites is that the
technology can be applied immediately for commercial applications, while

most other nanotechnologies are still in the concept and proving stage.

Promising inorganic materials, the PILCs that will lead to fibrous
morphology are introduced to the field of clay/polymer nanocomposites. In the
present work PANI/PILC nanofibers with good conductivity, thermal stability
with strong interaction between the organic and inorganic material of the
hydride nanocomposites are prepared and characterized. The results obtained
offer PILCs as the inorganic materials for nanocomposites with any other

organic/polymeric material.
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