CHAPTER 11

THEORY

Porous materials can be classifie on the IUPAC definitions into three

groups. Microporous materi less than 20 A, mesoporous

.-‘.

materials have pore dia ng ft m and macroporous materials

have pore diameters lar
Microporous mateti aterials. from hous silica and inorganic
gels to crystalline m 1 Zeolites (alt osilicates), aluminophosphates,

]

gallophosphates and re interest in these materials,

especially zeolites, is due pplications within industrial areas
such as oil refining, petrochemi and Sy [ chemicals. The materials are also

important. as adsorbents.

2.1 Zeolites

39,40 v - 1 \"

Zeolites containing  hydrated

aluminosilicates with mframework based on an extensive ﬁee-dnmensnonal network of

oxygen ions. W g by the oxygen can
be either as Qﬁﬂ Al 21?:’0 m‘h] ﬁ‘jwture determine the
fram mﬂ ﬁ ot. This is
balagwfjaaﬁ Ii n‘s hai i]pm rk positions.

A representative empirical formula for a zeolite is written as:
My,.O . A|203 *X Si02 Yy H20
M represents the exchangeable cations, generally from the group I or II ions,

although other metal, non-metal, and organic cations may also be used to balance the
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framework charge, and n represents the cation valency. The value of x is equal to or
greater than 2 because AI’* does not occupy adjacent tetrahedral sites, otherwise it
results in the negatively charged units next to each other.

The different ring sizes found in zeolites, based on the different number of
tetrahedral atoms defining the opening, are shown in Figure 2.1. The ring sizes are
often mentioned as the number of oxygen atoms which are equal to the number of

tetrahedral atoms.
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Figure 2.1 Examples of the threc pes of pore openings in the zeolite molecular
A

sieves.”” (a) aft 8fing pore openin

(b) a 10/5ing-pore opening:
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O DOre openine
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Moreover, zeolites—can be cl building units. These units are
also used in efforts to understand the way that individual structures form from the

starting mixﬁsﬂegﬁhﬂ ﬁrﬂ%ﬂwrgﬂﬂﬁ unit of a zeolite

structure ‘is the individual tetrahedral TO, unit, where T is either Si or Al A
¢ o /
~ARIOLTIH NI UGS o
tetrahedra. There are nine such building units, which can be used to describe all of
the known zeolite structures. These secondary building units consists of 4, 6, and 8-
member single rings, 4-4, 6-6, and 8-8-member double rings, and 4-1, 5-1, and 4-4-1

branched rings. Some topologies of these units are shown in Figure 2.2.



6 or S6R 8 or S8R

ite structures.*

om several different SBU. For

k_can_be built from eithersthe single 6-member ring
1!

zeolite A faujasite
(@) (b)

Figure 2.3 Some zeolite structures (a) zeolite A and (b) faujasite.*
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2.1.1 Acidic Zeolites
“If a zeolite structure contains only SiO4 tetrahedra, it would be electrically
neutral and no acidity would be developed on its surface. In fact, Bronsted acid sites
are developed when Si** is isomorphically substituted by a trivalent metal cation, for
instance APP*, and a negative charge is created in the lattice, which is compensated by

a proton. The proton is attached to
)

AU ¢ so-called bridged hydroxyl group
o UL
which is responsible for the nsted a'd s ites as shown in Figure 2.4.

= bridged oxygen atom connected between

Figure 2.4 Bronsted acid

The reactivity and the s molecular sieve zeolites as catalysts are
=27

determined by actiV n gharge between the silicon

and the aluminum ?Y_ alafom contained within the

framework structure muces a potential active acid site. @ssical Bronsted and Lewis-

) 1) 124 1 ko S
HRTIAIng 8y
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0/ \0 0’ \O o/ \o OI \0 Bronsted acid form of zeolite

1 ; Equilibrium
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o

Lewis acid form of zeolitc

o c O (4]

Figure 2.5 Bronsted

Hydrother st zeolites g nerally consist of water as

Wy

the solvent, a sili a structure-directing agent.
Better understanding L i '""‘ ‘ ot s agent has long been aimed
at. This will entail bet ' of the res, and even prediction of the
specific structure could b ~j- ble. — ss the field has been made some

general rules of correlation -betw directing agent and the structure of

zeolites with a highesilica content- ]
1. Hydrothérma dense crystalline and layered

{l

materials when no strugture-directing agent is present.

ﬂ.;% 8@%:&«}% %:w ‘Btﬂ'y] ﬁ&a' in  one-dimensional

molecular sié‘ls with 10-ring chan%pls.
= T/
QB VRS EHAIAH 1 ) s
zeolites with pore diameters of 4-7 A.
4. One-dimensional, large pore zeolites often result from large polycyclic

structure-directing agents.
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2.1.2 Properties of Zeolites
The tremendous importance of zeolites and related materials in a variety of
catalytic processes can be attributed to their superior properties in comparison with
other types of materials. Some of their advantages are listed below:
1. Large surface area and adsorption capacity.
2. The possibility of controlling the adsorption properties by tuning the

hydrophobicity or hydrophilicity of the materials.

3. The pore openings and cavitic ange of 5-12 A. In addition, the
electric field within the mieiopores A V&

4. Insoluble

6. The pr ize: sele : ted in Figure 2.6.

Shape sele a "wery porta e catalysis over zeolites.

Highly crystalline and nnel 5t the principal features that
. Qi) AN . :
zeolite catalysts offer o er The capability of zeolites to organize and
N A
to discriminate molecules -'_'.;,"". DIECisic responsible for their shape-selective

properties. Reactant shape selectivity- Ar the limited diffusivity of some

reactants, which cannot_effectively enter and diffuse inside thé zeolltes Product shape
"l.
f [ Rt

selectivity occurs wh Ca Jj rapidly escape from the

crystal, and undergo sec%;xdary reactions. Restncted transition-state shape selectivity is

a kinetic effﬁ ﬁnﬁfﬁ ﬁ Wﬁ%ﬁﬂcﬂxﬁmw site: the rate

constant for a‘Wertain reaction mech&msm is reduced if the necesszuthransxtlon state

- QRPTAR I 1NN Y
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Reactant Selectivity
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Figure 2.6 Diagram depicting the three types of selectivity: reactant, product, and

transition-state shape selectivity.*



All the properties mentioned above are dependent on the thermal and
hydrothermal stability of the materials. Resistance towards heat, steam and chemical
attacks is necessary if the materials are to be used as catalysts at all. Very stable
zeolites are possible to produce, but they have one serious limitation: they are not
able to efficiently process molecules that are larger than their pore diameters
(maximum 13 A). Consequently, it has been a long search for synthesis methods that

will increase the pore size, and at the s time retain the crystalline framework.

”/ increase the size of the structure-

e the p@: of the materials. For zeolites
J | ———

i cently. In the early 1980s,

The natural way tQH

directing agents, and the
this strategy has not

however, researchers . strategy was applicable to

systems containing work, the so-called AIPO,
structures.”® These rof 13-15 A, and examples
are cloverite, VPI-5 ated materials such as
siliconaluminophosphates Os d tal inophosphates (MeAPOs) were
synthesized as well. Com f rials is their lack of thermal or
hydrothermal stability.

materials is probably- e s ite UTD-1 a few years ago.

)

UTD-1 has a one-dimensional pore system consisting of elliptical pores. UTD-1 is

s FALHANYNTHEART oo = o=

crystallinity at! temperatures up to ,1000° C, even in the presence of water. It also

¢

o o 8 B A PSR o

drawb‘ck, however, is the structure-directing agent, which is a huge organometallic
cobalt-compléx. This must be removed, and remaining cobalt in the pores has to be
acid leached. This will probably restrict the practical applications of this zeolite.

All in all it can be concluded that large pore crystalline materials are not

yet very applicable in catalytic processes, even though large progress has been made.
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Today the most promising materials in the mesoporous range seem to be those which
were discovered in the late 1980s and early 1990s. In 1988 the syntheses of ordered
mesoporoﬁs materials with narrow pore size distributions and large surface area were
reported.”® The materials were prepared from the layered polysilicate named kanemite,
and a two-step formation mechanism was proposed.®® First the Na® ions in the

kanemite interlayers were ion-exchanged by alkyltrimethyl ammonium cations. Second,

the flexible kanemite layers folded an T ss-linked to each other, and in this way an
|

i
inorganic framework was formed. ‘ /

Another formati 1sm“,w:»@8 They agree in the first step

mentioned above, but

a reorganization of the
kanemite layers unde U the surfactants. The single
kanemite 'layers wer locally rearranged. The

driving force of this structural loss of kanemite

Mesoporous matei are typi acrystalline solids, such as
silicas or transitional alummas or modified layered materials such as pillared clays and

silicates. Thﬁcﬁ EJ ﬂl} WETWWIEJ qgﬂnﬁspaced and broadly

distributed in “lgize. Despite these effons, mesoporous molecular sneves with regular,
AN AREAININIANL AL

In"11992 researchers at Mobil Research and Development Corporation published the
syntheses of a group of mesoporous materials, designated M41S.*** These materials
are also formed to have narrow pore size distributions, tunable from 15 to 100 A,

larger than the pore-size of microporous zeolites (<14 A). The extremely high surface
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areas (>1000 m%g ) and the precise tuning of pore sizes are among the many
desirable properties that have made such materials the focus of great interest.

The main groups of this family are MCM-48, which has a three-dimensional,
cubic-ordered pore structure, MCM-41, which has a one-dimensional, hexagonally-
ordered pore structure and MCM-50, which has an unstable lamellar structure. Figure
2.7 schematically shows the structure of these three phases. These materials are

fundamentally different from zeolites by the fact that the pore walls are

o
AR = e

Figure 2.7 A schematic prese

the hexagonal phase, (b) the ¢ bil

2.2.1 Structure and Propert
™

MCM-4 of ily of mesoporous sieves,

5_,9(‘; VIC]

; ,

possesses a hexagona -41 has been synthesized
| .

with uniform channels varying from approximately 15 to 100 A in size. The larger

pore mat;riaﬁyﬁlﬁ% e iy %’:W(ﬂ gapprirosaton sopio

capacities of 041 cm’/g and greater.

Figure 2.8 Hexagonal packing of unidimensional cylindrical pores.®
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2.2.2 Structure and Properties of AI-MCM-41
Siliceous mesoporous materials have, for most purposes, not enough intrinsic
acidity to be catalytically active. Catalytic activity is, however, enhanced by
modification of the siliceous framework by other elements (often metals). The most
studied of the modified MCM-41 materials are probably those containing aluminum.
These materials are acidic, and the acid sites of AI-MCM-41 have been characterized.
The general structure of AI-MCM-41 is sin_lilar to zeolite which is shown in Figure

#/v'num is incorporated into the wall

structure, while octahedral Is rega -framework species. This may

be done in several w ition of the extra element
precursors to the synthesis the elements are incorporated
into the structure. ot 1l=1 /S ' materials after a desired

2.4. It is generally accepted t

structure has been for the silicon atoms were

loading metals i je-.by. the So-¢a incipient wetness impregnation

technique.

2.2.3 Synthesis

1 {l
The prepa;;on methods of AI-MCM-41 materials are reminiscent of the

o« S B SN A 3 = e

preparation of {MCM-41 materials takes place under mild conditions, typically under
¢ o, s
QT 1 RN P IN IV e
cationia gemini or neutral surfactants, under either basic or acidic conditions.
The modification or expansion of synthesis conditions especially toward
milder conditions is one of the main objectives of mesoporous materials synthesis for

energy savings.** The synthesis routes of mesoporous materials are conveniently
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classified  into the following six types according to the interaction between inorganic
species (I) and surfactant (S):
- Electrostatic interactionsAwith and without mediating anion (X’) or
cation (M), (S'T), (ST, (S'XT") and (SM').
- Neutral templating through hydrogen-bonding using neutral primary

amine (S°I°).

.- Covalent bonding (S-I). .

Synthesis of silicate mesophase ble through the (S'I') pathway in
basic media, the (S'XT") P li a@l") in nearly neutral media- as

illustrated in Figure inder hydrothermal conditions

was categorized into esis was revealed to be

possible even below and (S°I°), are carried out

at room temperature. iliceous mesophases could

be formed from inor ; silicate and colloidal silica

as well as monomeric ce espe ly alkoxides, while in the room-

+.

temperature (S*XT") and ( sources, alkoxides and chloride

idic”Synthesis at; 1 temperature has the advantage of

were exclusively u;ed. The acidic sy

I e et e — S ————T

shorter synthesis |Lpnu-ln ver surfactant concentrations as ‘
L}
/ b

high-temperature syntﬂis. imoom-temperature synthesis,

.ompared with the basic

it would be desirable ta, utilize inorganic snhcate sorces which are easier in handling

g ﬁ"‘lﬂ‘ﬂ“"}"ﬁ’%}ﬂ INYINT
q RIAINTUURIINYIN Y
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Figure 2.9 The comparison of the formation processes of the mesoporous materials

in basic and acidic conditions.*’
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2.2.4 Mechanism of the Crystal Formation**"’

2.2.4.1 Liquid Crystal Templating Mechanism
The four main components in the M41S syntheses are structure-
directing surfactants, a source of silica, a solvent and a catalyst (an acid or a base). In
the pioneering work on the synthesis of M41S materials by the Mobil researchers
alkyltrimethyl ammonium halides was used as the structure-directing surfactants and

combinations of sodium silicate, tetraethoxy ;silicate (TEOS), fumed silica and Ludox as

onium hydroxide were used as
él the cases of aluminosilicate

eSlS solutions were kept at

the silica source. Sodium hydroxide

basic additives to the ag
materials, an aluminury ;
temperatures ranging from

filtered, washed and

the solid products were
d at 540°C under a gas-
flow of nitrogen an h - mesoporous structures. It was
found that the relativ in the synthesis solutions

were of great importanc fi :  They also showed that the pore

diameter of MCM-41 i &4 of the surfactant increased.
—
TR N . .
Furthermore, mesitylene was solubilized into the micelles. This made the micelles more

voluminous, and *a-—— -------------- as 120 A were prepared,
although the pore sizcﬂs not 1
A “lio‘riHrystal templatin&’;,(LCT) mechanism was proposed by the

Mobil réseaﬂelu&‘ll ’}weﬂl%"ﬁ %qiﬂiwstallim surfactant

assemblies and M41S as shown gdn Scheme 2 The commontjralts were the
el gt e MW&«Q’M o e s it roun
the effect of variation of the surfactant concentrations, and the influence of organic
swelling agents. With MCM-41, which has hexagonally packed cylindrical mesopores,
as the representative M41S material, two mechanistic pathways were postulated

(Scheme 2.1):
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Scheme 2.1 Two possible Mor the l templating mechanism.*®

between a preexisting

phase and deposited on

charged at the lig ) alue ed, preferentially interatfed with the positively

charged ammonium jad groups of aﬁ condensed into a solid,
|

continuous  framework. The resulting orsJ ic-inorganic mesostructure could be

alternatively ﬁwﬂa&}’a %w ‘g %%j ’F]-ﬂaﬁrods embedded in a

silica matrix: IEuamoval of the surfictants produced the open, mesoporous MCM-41
@150 T B B ) B4 e
surfacta%t concentrations used were far below the critical micelle concentration (CMC)
required for hexagonal LC formation. This mechanistic pathway was shown possible
recently under different synthesis conditions.

The second mechanistic pathway of LCT was vaguely postulated as

a cooperative self-assembly of the ammonium surfactant and the silicate precursor



species below the CMC. It has been known that no preformed LC phase was
necessary for MCM-41 formation. Several mechanistic models have been advanced and
share the. basic idea that the silicate species promoted LC phase formation below the
CMC.
' 2.2.4.2 Silicate Rod Assembly
It was found that the hexagonal LC phase did not develop during
MCM-41 synthesis, based on in situ '"“N-NMR spectroscopy.*® It was then proposed

that, under the synthesis conditions \!ﬂ}/) Mobil, the formation of MCM-41
3 ’.-‘1 \ “‘

began with the deposition QM"?‘"three of the silicate precursor onto

— -
isolated surfactant micell tllustrated in Seheme 2.2. The silicate-encapsulated
rods were randomly ; \““\nt%‘ hexagonal mesostructure.
IIe‘.’sati\;nXQH-ne silicates into the as-

-

Heating and aging

synthesized MCM-41

.2.2.4.3 Silicaté Layer Puckering 0./

P el s 3 Vool e o v

postulated that surfactant molecules ‘@ssembled directly into the hex@goénal LC phase
upon ai delf}aﬁl niemblliﬁ’llqwm ﬂr:l@ ﬂhe silicates
were orgamzed into layers, with rows of the cylindrical rods intercalated between the
layers as depicted in Scheme 2.3. Aging the mixture caused the layers to pucker and
collapse around the rods, which then transformed into the surfactant-containing MCM-

41 hexagonal-phase mesostructure.
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Scheme 2.3 Puckering of silicate layers in the diréction. shown.*®
o

2.2.4.4 Chargé DenSity Matching
' |

A eharges density. _‘matc'higg mechanistic. model was proposed by

Monnier et al.*® It wés suggested that MCM-41 could be derived from a lamellar
phase. The initial phasg of ‘the synthesis ';'gixture was layered as detected by X-ray

Fad 4

diffractometry and was formed from -the gléctrbstatic attraction between the anionic

add I ¥ Y

silicates and the cationic surfactdni hiead groups. z_\,ﬁ shown in Scheme 2.4.
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Scheme 2.4 Curvature induced by charge density matching mechanism. The arrow

indicates the reaction coordinate.*®
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As the silicate species began to condense, the charge density was
reduced. .Accompanying this process, curvature was introduced into the layers to
maintain the charge density balance with the surfactant head groups, which transformed
the lamellar mesostructure into the hexagonal mesostructure.

2.2.4.5 Folding Sheets

The lamellar-to-hexagonal phase motif also appeared in materials
called FSM prepared from the mtercalan of the ammonium surfactant in kanemite, a
type of hydrated sodium snllcat\f}& le-layered silica sheets. After the

surfactants were ion- exch i the l ture the silicate sheets were
c hexagonal mesostructure as
\ ;be very similar to MCM-

owever, it was found that

4

thought to fold around
expressed. in Scheme

41, with no resembl

the layered structures 1l retained in i -d‘eﬂed mesoporous materials.

CnH2n+l N*Me;

kanemite

mesoporous

vﬂj material

Scheme 2.5 Folding of silicate sheets aroundd_gtercalated surfactant molecules: a) Ion

ﬂh%!%?cmm‘ﬁ?ﬁﬂﬂ'ﬁ
9 HINIAIUNUINYA Y

Under synthesis conditions that prevented condensation of the silicate

species, such as at low temperatures and high pH up to 14, a true cooperative self-
assembly of " the silicates and surfactants was found possible. ?H-and 2’Si-NMR

spectroscopy, and neutron scattering, that a micellar solution of CTAB transformed to a



hexagonal phase in the presence of silicate anions were showed: this was consistent
with the effect of electrolytes on micellar phase transitions.** The silicate anions ion-
exchanged with the surfactant halide counterions, to form a silicatropic liquid crystal
(SLC) phase that involved silicate-encrusted cylindrical micelles as shown in Scheme
2.6. The SLC phase exhibited behavior very similar to typical lyotropic systems,

except that the surfactant concentrations were much lower and the silicate counterions

MCM-41

were reactive. Heating the SLC phase a'17d the silicates to condense irreversibly into

2

4

Scheme 2.6 Formation of a silicatropic liquid crystal phase.*

It was also demonstrated that in addition to the charge balance

requirement (i.e., electrostatic interaction) there was preferential bonding of the
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ammonium head group to multi-charged D4R (double four-ring, [Sig0y]*) silicate
anions under the high pH conditions.® The interaction was so strong that an
alkyltrimethylammonium surfactant solution forced a silicate solution that did not
contain D4R oligomers to re-equilibrate and form D4R species. It was suggested that
this behavior came from the closely matched projected areas of a D4R anion and an
ammonium head group and the correct distribution of charges on the projected

surfaces.

It was reportcx ' ed silicates with D4R silicates were
prepare’®. Combination o tyltrimethylammonium chloride

(CTAC) surfactants pr:

acidic vapor treatment led

to the observation = phases as intermediate

transformation phase

2.2.4.7 Sili

work® has showed that heterogeneously. Evidence was

found for MCM-41 intermediaﬂe- Jin ‘the form of clusters of rodlike micelles
- Pt o

“wrapped” by a “Coating of silicate through "low-temperature
V. P - M

microscopy (TEM) aﬁs sters of elongated micelles

transmission electron

were found before pr?lplta’uon occurred. As the reaction progressed, the silicate

e anfl RIS TIDI Y o i v

the cluster: the clusters of elongat? micelles eventually became clusters of silicate-
-4 RATATR RN TINH AR =
formatl n.
2.2.4.8 Generalized Liquid Crystal Templating Mechanism:
Electrostatic Interaction
A generalized mechanism of formation based on the specific type of

electrostatic interaction between a given inorganic precursor I and surfactant head



group S was proposed by Huo and qo-workers. Based on the nomenclature, pathway 2
of the original LCT mechanism as illustrated in Scheme 2.1, which involved anionic
silicate species and cationic quaternary ammonium surfactant, could be categorized as
the ST pathway. By extension, the other charge-interaction pathways are ST $'XT
(X is a counteranion), and SM'T (M" is a metal cation). This classification system is

useful, especially when other types of inorganic-organic interactions are considered

(Figure 2.10). The success of the cooperative templating model, referred to here as the
)

generalized LCT mechanism trated by the diverse compositions
of organic-inorganic mes
was found that they
operating below the ; \sili \,\ nder acidic conditions, the
silicate species were ic m - ffactant S” could be used as
a templating agent : e involved through this
pathway as it served t and S* by means of weak

hydrogen-bonding force ! '_ are  known as “acid-prepared

mesostructures” or APM

— \ '

3
AUEINENINeINg
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Figure 2.10 Schematic representation of the various types of inorganic-surfactant head
group interactions : electrostatic: a)S'I", b)STT", ¢)S'XT", and d)SM'I™ ;

hydrogen bonding : €) S°I° and f) N°I°; and covalent bonding: g)S71.*¢
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Scheme. 2.7 Cooperative templating of the" generalized LCT mechanism: a)“cooperative
nucleation; b), c) liquid crystal formation with molecular inorganic

compounds; d) inorganic polymerization and condensation.*®
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2.2.5 Parameters on the Crystal Formation
2.2.5.1 Effect of Template Concentration
The micellar solution can be considered as essentially made up of
monomeric surfactant and of a single micellar species. Increasing the concentration of
surfactant leads to sphere-to-rod shape transition of the micelle.” Moreover,
temperature and ionic strength also affect the shape of micelles.”’ Generally, the
spherical micellar shape is associated with low micellar size polydispersity, i.e. similar

‘Hff/solutlom the micelle fragmentation-

f continuous micelle formation

particle size. For more conce

coagulation equilibria are
and breakdown. CTAB
(critical micelle con

while rod-shaped mi

micelle-silicate composites ‘: ’ tion. The formation rate of micelle-
silicate composntes depends. gm‘g},ﬂé‘ ations of surfactants and silicate,

' Vidolar ratio of [H,O/[Si],
lowering the surfactailj oown the formation rate of
surfactant micelles and mncelle—snllcate con&;}osntes (or nuclei), and to decrease the

amounts of ﬂnﬁi& ’ab%eﬂ%w Ej"]bﬁ‘j nuclei gives rise to

the lower aggwgatlon of MCM-41 gxystals, such as Si-F with monodlspersed particles
o AU eV o BT e e
allow 3|ore monodispersed particles to be formed (e.g., Si-2 is more dispersed than Si-
MCM-41). Therefore, the water content or surfactant concentration plays an important

role in the degree of aggregation of the final products.
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©2.2.5.2 Effect of pH adjustment
The improvement of the structural and catalytic characteristics of
MCM-41 type materials is of great importance in view of their applicability as
catalysts and catalyst supports. A special post-synthesis treatment such as the
extraction of the structure directing agent using acidic media prior to calcination has
been shown to improve the thermal stability of AI-MCM-41. The variation of the

synthesis parameters represents another possibility, since it was reported that the

stability and characteristics o& . ﬁ trongly affected by the synthesis
conditions. The long-rang : stabih& silica MCM-41 was improved

through the intermedi

gel.**' Their results also
suggested that this synthesis of aluminum-
containging MCM-4 tment synthesis of pure
silica MCM-41 sugg cid used for pH adjustment
on the sturcure of the [ for silica MCM-41 was 10.

The earlier ivestigations own that the pH adjustment

temperature techniquem in whi ixtur “ﬁ first kept at a relatively

low temperature to ensure the largest nuclei population, then the temperature was
Lt pop pe

swiftly raiseﬂ ui&Lr(}l%qtﬂcW@W&y’sqqqoﬁh rate. It was found
-9

that the crystal size decreased with increasirﬁ:ﬂl-ﬁ duration“.dnd reached the

mini;q a[’t;] @ Smflltg g)uhHam. gs 0 iJa;] t@pﬂture had no

significant influence on the crystal size but mainly altered the crystal growth rate

provided that the first-stage duration was long enough..
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2.3 Characterization of AIMCM-41
2.3.1 X-ray diffraction (XRD)

. When one suspects that a mesoporous molecular sieve has been synthesized

a well-established methodology must be followed to demonstrate that this is indeed the

case. Many different experimental techniques have been utilized to characterize

mesopordus materials. Often several techniques are used in combination, in order to

/T e procedure involves, first, the use of

&/rchitccture of the materials. For

mesoporous materials, thy ﬁreﬂection peaks in the low-
\

provide unambiguous structural i

XRD.* It provides direct i

angle range, meaning 20 10. /N are seen at higher angles. It has
thereby been conclude ALE _ & ‘;‘- orphous. The ordering lies
in the pore structure, ag thé’ Igwdang - pea e be indexed according to
different lattices. | \

‘Different featurg ‘ a __ diffr "\'ttem can be exploited in the

characterization of a materi o6 “Table 24, Of course, powder diffraction data is

most commonly used as a

other information (ﬂt m be gl n ion™ pattern should not be
forgotten. If - possible; the diffractio dapted to optimize that

feature which provideDl(he inorma 10

Although t eli ‘afe a_number of different powder diffractometer geometries
on the marﬁ;‘eu Hth:anicmﬂe’lmﬁ, all have an X-ray
source, a ﬁﬁjte holde h(ie or, and al all are capable’ of recording a
respab po ﬁ ﬁﬂﬁ]:ﬁ ri['ﬁ jTlﬁ.lm’l«ﬁ EL wants to
compare ‘data from different instruments or even from the same instrument with

different operators. The basic considerations and a few common sources of error will

be discussed.
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Table 2.1 Information contained in a powder diffraction pattern®®

Feature Information
Peak positions (20 values) Unit cell dimensions
Non-indexable lines Presence of a crystalline impurity
Systematicallly absent reflections Symmetry
Background Presence (or absence) of amorphous
aterial

Width of peaks . \:\\\ ;J“' tallite (domain) size

d’

=2k
Peak intensities //// -gl “t“ re

The XRD ‘pattern g v - i ee to five reflections of

L L

two theta. (20) between 2°jang ‘5°..§f," ons are due to the ordered hexagonal
[ [ Aass \

array of parallel silica tubes and M,’bﬁ xed assuming a hexagonal unit cell as

(100), (110), (200), (210) and-300). Since. aterials are not crystalline at the

atomic level, no reflection ed. The wall thickness can be

calculated by deter e difference betw ..; ameter (a = 2d.oo/\/?).

From Bragg’s law, WBI an X-ra rystal@:rface at some angle O, a

portion is scattered by the=layer of atoms ap_the surface. The unscattered portion of

o v il 5o Al G L st s

interplanar dlsta.nce of the crystal. Thus, the conditiens for constructivesinterference of

o e b G 4 b el il b B

nA = 2d sin D



Figure 2.11 Diffractio

Hexagonal structure istics -of d-spacing ra follows :

2.3.2 Nitrogen Adso
determine the porosity and specific
he pore size distribution

have been developed probably N, (at 77 K).

Ii

According to the II}PAC definition, mesoporous materials exhibit a Type IV

adsorpnon-cﬁ%\ﬂod?-%%rﬁuw&}ﬁm the adsorption only

occurs as a thin layer on the wall émonolayer coverage). Dependmg on the pore size,

@W”fﬁ\%ﬂﬁ B B O B peens o
caplll condensation of N, in the mesopores. The sharpness of the inflection reflects
the uniformity of the pore sizes and the height indicates the pore volume. A
hysteresis loop is often observed for N, adsorption-desorption isotherms when the pore

diameter is larger than approximately 40 A.
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2.3.3 Solid State ’AI-MAS-NMR
'Another important characterization technique for mesoporous materials is
solid state NMR. *’AlI-MAS-NMR spectroscopy38 has been employed to distinguish
between tetrahedrally and octahedrally coordinated aluminum in the framework at

approximately 50 and O ppm, respectively. Hence, the amount of framework aluminum

ly PD) of ammonia® is probably the

most widely used met f in zeolites and mesoporous

can be determined.

2.3.4 NH;-TPD

Temperature-program
materials. There are it typically involves saturation
of the surface wit ion conditions, followed by
linear ramping of flowing inert gas stream.
Ammonia concentrati ed by absorption/titration or

mass spectroscopy. A v Xpetil may be carried out in a microbalance

ammonia. The amoun 'éi’ aluminum content of the

sample. When the a01d1ty of Al-MCM-41 was compared with that of zeolite and an

amorphous ﬂ %E}{J ﬁﬂ% ﬁﬁ w Ec]td']sﬂgfj of the MCM-41 is

weaker than i the zeolite and ap%;ars more sxmllar to that of an amorphous silica-

“GRIANN I EJWI’WIEI’]EQ d
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2.4 Cracking Reaction
2.4.1 Thermal Cracking
Simple alkenes are considered to be petroleum products, but they are not
obtained directly from oil wells. Rather, they are produced industrially from alkanes in
a process called cracking.®® Cracking breaks larger alkanes into a mixture of smaller
hydrocarbons, some of which are alkenes. This process yields predominantly ethylene

(C,H,) together with other small mole . The chemistry of the cracking process is

of interest, not only becaus lgmﬁcance but also because it

illustrates some additional el
| —

Ethylene, thw fest commerei mportance, is produced by a
process called then/ i : re of alkanes from the
distillation of petro i | .
for a short time, an
cracking are then sep -cracki j‘ is of g % portance in the production

of hydrocarbons as chemi A e, propylene, butadiene, isoprene, and

cyclopentadiene.

hydrogen are formedmt o

so high that initiating ll:radlcz:lls are formed by spontaneous bond rupture. Only two

types of boﬁ ’u Eje’an‘w ﬂk%{]tﬁs %mﬂ{j’:ﬂ bonds. The bond

dissociation allergles of the C-C bond reqmres somewhat less energy. Hence,

e ufion B B e e

First initiation step:

ﬁ, the temperatures used are

mlon, 225 2ech, @)
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In a second initiation step, a methyl radical abstracts a hydrogen atom from another

ethane molecule:

Second initiation step:

HC * H—CH,—CH; —> CH,; + *CH,—CH;

methane ethyl radical

This step accounts for small 2 formed in the cracking process. The

ethyl radical is the chain-

R o — " . 1 d_
in which it “unzips” to yield-ethylene %atom in a process called B-

scission:

undergoes an interesting reaction

First propagation st

7N
*CH, CH, + He

ethyl A _', ene
B-scission. is another typi¢al reaction of fiee radicals. The word “scission” means

“cleavage” (it is denved from_th

“scissors”). The Greek letter beta ()
;/ /A ﬂ' .,

refers to -the fact _th 7
e £

indicate the relative osmons of groups on carbon chamﬂ

* CH,—CH,~H

ammmmwnwmaﬂ

Althdgh B-scission might look like a new reaction, actually it is simply the reverse

ay from the radical site.

(The Greek lette are sometimes used to

of an addition; in this case it is the reverse of the addition of a hydrogen atom to
ethylene.
“The hydrogen atom produced in the first propagation step then abstracts a

hydrogen'atom from another molecule of ethane to give a new ethyl radical:
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Second propagation step:

HO %Hz—cm — H, + *CH,—CH, (%)
The ethyl radical then enters into the first propagation reaction, Equation (4), thus
continuing the free-radical chain. The hydrogen that is a by-product of Equation (5) is
collected and used to produce ammonia by hydrogenation of nitrogen. The ammonia

finds important use in agriculture as a fertilizer.

2.

a covalent bond.

These reactions constitut YD \ \ -radical process. Most free-
radical processes are exém . H ns O CO bmations of them. The low-
molecular-weight alkanes obtai 1 eracking processes can be separated and
purified, and are the n : faw mi or  the large-scale synthesis of
aliphatic compund V;—— ; \.’

2.4.2 Catalytic E’acking m

cking®” is probably/ the most important catalytic process

PP UL LGS o e
ﬁlﬁ’lﬁ SR TSR

Thermal cracking of heavy feedstocks was first recognized as a refinery
upgrading process around 1913. The more selective catalytic cracking process was
introduced in 1928 after testing upgraded fuels in a Bugatti racing car.’” The first

commercial fixed-bed plant went into operation in 1936. The transition from the
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unwieldy, cyclical fixed-bed operation to the more efficient, continuous fluid-bed
operation  with continuous regeneration occurred in 1942. The introduction of zeolite
cracking catalysts in 1962 enabled dramatic increases in catalytic activity and gasoline
selectivity/yield. A significant recent development (1986) is the application of ZSM-5
as an octane enhancer.’

Most cracking, however, is directed toward the production of fuels, not

chemicals, and for this catalytic cracki s the major process. Catalytic cracking not

only increases the yield of g molecules into smaller ones, but

also improves the quality volves carbocations, and yields

E——

alkanes and alkenes wi irable in gasoline.

_Finally, by ormous quantities of the
aliphatic hydrocarbo atic hydrocarbons which
are used not only iterials in the synthesis of
arely results in the formation
are formed in parallel. Their
molecular welghts can be thg.»ﬁm? as £ th substrate molecule, or either lower
or higher. In addition, the carbon ’“"-m* én the products with the
.. different from that of the
substrate. This varlabllx? makes classnﬁcatlon of reactnoﬁproducts quite an involved

e ‘*“ﬂ“ﬂ B PRHTI 1=

1. “Au products with the same carbon atom number as that of a substrate
QA G OfYT AR TG e v
produc The primary products may have the same carbon skeleton as that of the
substrate (alkenes from alkanes) or isomerized skeletons.

2. All products which are formed in a single reaction, fission of a single
C-C bond, or, in the case of alkenes, formation of a single C-C bond in dimerization

reactions are called secondary products.
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3. All products formed from secondary products rather than from
substrates the.mselves are called tertiary products. Clearly, types of tertiary product can
be very diverse.

Reaction products formed from any alkane or alkene under commercial
conditions; (high temperatures, contact times of several seconds) are nearly always
mostly tertiary. This is the main reason for difficulties in determining reaction

mechanisms of cracking. This revie redominantly discusses research dealing with

primary and secondary produc
2.5 Catalytic Cracking 7

There are no maj ism of alkene cracking over
solid acidic éatalyst centers in these reactions
are protic acidic t the reactive species are

carbenium ions.

The formation - of eni 1 efins can easily proceed by
the catalyst to the carbon-carbon
double bond. All hydrocarboﬂmfa@'{u'gi, atalysts contain protic acidic center. Thomas

first proposed t rticles dealing with the

ampositively charged hydrogen

atom in the vicinity 9f a tetra-coordinated negatlvely charged Al atom. Currently, a

s 15 4 B LR | 855 s ) v

hydrogen atoi‘l attached to the oxygen atom brldgmg between Al and Si atoms is

ae sl tigilt URIINYIAY

Generally, reactions of Bronsted acids with alkenes are well known in

mechanism of cataﬁc

organic chemistry. The first stage is, most probably, the formation of a complex
involving the double bond of an alkene. Such complexes, in the case of the
propylene-alumina pair at room temperature, were observed by IR. The next stage is

the formation of the carbenium ion in an equilibrium reaction:
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H* + R'RC=CR’R‘e= R'R’C’-CHR’R’ (6)
The direction of this reaction mostly obeys the stability rule of carbenium
ions: primary << secondary << tertiary. For example, reaction of a 1-alkene with a
linear chain produces the secondary carbenium ion, CH;-C'H-R. When carbenium ions
are forméd in superacids, they rapidly decompose/isomerize to tertiary carbocations
such as (CH;);C" and (CH3)y(C,Hs)C". These carbenium ions remain stable in solution

up to 130-150°C , whereas tertiary.

/ions of lager sizes decompose with the

reactive @ediates in catalytic reactions,
direct observations of carbenitl . kenes within solid acidic

catalysts are difficult (although'several al S We ade) and the formation of the

formation of (CH;);C” startin

ions is mostly inferred s frg Heir -~ subs ations to stable reaction
producfé. Theoretical ™ calcalati of acidic catalysts at high

temperatures exerts a strong S$o ~effeet and " trans s carbenium ions R” into

alkoxyaluminum moieties >/ Al-O-Rwith ‘a/ et positive charge on the carbon

Pt
atom in the R group. C-O bekds “in groups, when vibrationally excited,
have an increased charge separation ut Tot” jissociation) and the R groups act
as adsorbed carbe y'.‘:ﬁf—— J

2.5.2 Primary lﬁducts o m

It is well known from organic cagnistry that carbenium ions are prone to

cosonk L bk Wi 8 1] 3
QRAGINIU N INY A Y

g

7\
CH,—C'H—CH,—R —— [CH;——CH—CH—R] —> CH,—CH,—C'H—R (7)
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Under normal circumstances, reaction (7) is unobservable. However, if the catalyst
center co_ntains a D atom instead of an H atom, the D atom transferred to the
carbenium ion rapidly migrates to any position in the chain. If the C=C bond in the
alkene is two- or three-substituted, its ste-ric isomerization takes place readily. For
example, 1,2-phenyl-disubstituted ethyiene with the isomerization of the cis to the
trans-alkene. _Reaction (7) is very fast and its exact mechanism remains uncertain,

e shown transition state (rather than an

although, most probably, it involves  t

‘ Mp/yn atoms share one hydrogen atom

t}:s 5 ﬁnf the migrating C-H bond are

—-

appreciably stable intermediate W
and the vacant p orbital

: | —
coplanar. Effectively, reaeti e scrambling of nearly all H
atoms in carbenium i
ion formed in reaction
(7) either regenerate produces an alkene with

an isomerized C=C b

CH;—C "H—CH,—=R | = CH,—R + [H]T ®

CcH—R + [H7] @

"2.5.2.2

to (9), the muble-bond shift, is the most
ubiquitous a e vgcitis e li ss_in _catalytic reactions of alkenes
over a vérieaouc L e ai]s[g.]lﬁal ﬁaﬁrﬁsﬁti zeolites) even under
veryqi iti qf e? 5;. pi‘ﬁcﬁc f -lﬁ' with  zeolite
Y for‘ weﬁ; in-e 1sﬁgi§ﬁf 1-hexen oﬂele lbﬂn mixture of

1-, 2-, and 3-hexenes. In the case of highly active catalysts, the double-bond shift

Conering of reactions

reaction was investigated separately from other processes only if the reactions were
carried out with aged catalysts at 150-200°C. All acidic solids, regardless of their

cracking ‘ability, isomerize alkenes. For example, nearly equilibrium mixtures were
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produced at 350°C from any linear alkene over dealuminated laponite, a very poor
cracking catalyst.

In the case of linear alkenes, the distribution of double-bond shift
products is usually governed by thermodynamic stabilities of respective compounds.
They can be approximated by three empirical rules according to the literature®®:

| 1. Populations of alkenes with internal double bonds (trans and cis)

were determined by simple statistics: . They were approximately reciprocal to the

number of possible positions in the chain.
‘ 2. : ‘ &he sum of any alkene with the

internal C=C bond.

¢ type of the catalyst. For
example, the cis:tra cne at 200°C was close to
the therlﬁodynami orphous aluminosilicate,
mordenite, and ZS er in the case of the H-Y
zeolite.
1 ratio with respect to any
alkene with an internal C

2.5.2.3 Alkyl-gro propane Transition State

rm—;—m——m ‘ substrate molecule with a

i
e fl u&maﬂ%f‘mm S cncnecrn

AR1aN N9 M%ﬂ'l?f Elenk St @ty-cu

CH;—CH,—C"(CH;)R

linear skeleton, and !B

)



CH,—C'(CH;)—CH,
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Such reactions are well known in organic chemistry; reactions (10) and (11) were used
for many years to explain branching in hydrocarbons accompanying their cracking.
They are often called the type-B skeleton rearrangement reactions. Catalytic
transformations of alkenes produce very low yields of substituted cyclopropanes;
therefore, the protonated cyclopropane structure in reaction (10) should be viewed as a
transition state on the reaction coordinate from a linear to a branched carbenium ion
rather than a true intermediate. ause reactions (10) and (11) result in
thermodynamically favorable \ i ions, they are usually invoked to
explain the chain branchi 419, reactions over solid acidic

catalysts. However, if

ow micropores (ZSM-5), it
favors the formation highly branched chains. As
a result, stable carbe and (11) can apparently
rearrange'back to a um ion. In such a case,
reactions (10) and (11 changes. Decomposition of
stable carbenium ions (10) should result in the
formation of branched alke

kl
The first=of the alkenes s/ more thermodynamically stable and is

oo o b ed VI VI TWEITIT

reaction similar’ to reaction (19) but involving®a' carbenium ion
il  RKIARGTRIT fakaIE Ta X T

cham.

H' (12)
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CH;—C"(CH;)—CH,—R—> CH;—CH(CH;)—C"'HR
+H\
CH
/N
——> [CH;——CH—CHR]
— CH;—C'H—CH(CH;)—R

— CH,—CH,—C"(CH;)—/R (13)

This reaction is

type-A skeleton rearrangement; it is the
principal reaction responsibl of branched alkenes without a

change in the number o : ‘ionﬁo reaction (13) also explain the
—

transformation of gemi( cinally substituted analogs:

(CHy);C ——CH==CH, , iC = \\

- “ \ L, —(CH;),C——

C(CHs), (14)

2.5.2.4 Forma Sititate - Pr 's from Alkenes

alysts are often accompanied by

A~
J? —CH,—R (16)

ﬂ ﬂcﬂa@%% Wg% Eﬂlﬂ:ﬁé isomerized ~alkenes,

relatively eaxslsu The source of hyd&pgen in reactlons (15) and (16) is not yet known
o @RGP H IR B Gt o
showea that the first hydrogen atom [reaction (6)] came from OH groups in the
catalyst, whereas the second hydrogen atom, H, was abstracted from a suitable
hydrocarbon substrate (an aromatic solvent, for example). At increased temperatures,

extensive hydrogen redistribution reactions took place in which the formation of
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alkanes was balanced by the parallel generation of a variety of hydrogen deficient
compounds, including aromatic compounds.
2.5.3- Secondary Cracked Products from Alkenes
2.5.3.1 Alkene Oligomerization
All alkenes with. vinyl and vinylidene double bonds easily
oligomerize in the presence of Bronsted acids. This reaction is widely practiced ona

commercial scale: synthesis of polyisobutene, synthesis of isobutene dimers (synthetic

gasoline), synthesis of basesto /a cants, and so on. Polymerization of
alkenes with vinylidene ‘ é simplest example. It proceeds

through stable tertia s in the formation of regularly

branched polymer ck

x

R' + CH= O\

R'R! CH2—-——C+R'R") (17)

In t ase of .-Juw{g ith vi i) de ible bonds, the oligomerization
reactions involve formatior ions. Due to the tendency of such

ions to isomerize, the ction - usually s._irregularly branched polymer

molecules: WV 1;""

R" + CH2=CHRﬁ——> R' _m

R—CH,—C'"H——R' s, CH,==CHR' <= R——CH,—CHR'——CH,—C’HR’

AU ﬂﬂ‘ﬂﬂﬂ/ﬂﬂﬂ?
Qq wr] Wmﬂﬁﬁ mqﬁ-ﬂ—cu=cm (19)

R— CH,——CR'=—=CH—CH,R’ (20)

(18)
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2.5.3.2 C-C Bond Scission Reactions
The C-C bond scission reactions in alkenes, which are the principal
reactions of all cracking processes, also proceed easily. However, the competition
between alkene oligomerization and cracking makes elucidation of alkene cracking

patterns unusually difficult. The reaction proceeds via the well-known B-C-C bond

scission mechanism: The C-C bond in the B-position to the charge dissociates and the

,}s with a parallel formation of a double

CH,

charge migrates to one of its carbo

bond:

(CH3)3C_CHZV

—C"(CH3),

" + CH,=—CH—CHj

H, + H 2n

cracking of 2,4,4-trimethyl-1-

pentene over a variety of miétal<¥" and ‘metal-X zeolites; the main product also was

san (D1 ic in effert a dennlvmerization

(1) s, in efiect - f¢action; it represents the
Vi X

detailed reversal oe '

It is thermodynamically

favorable because it prepeeds exclusively through tertiary carbenium ions. Formation of

o o] AR T AT o oo

explained by “xs mechamsm if the‘ﬁ-C-C scnssxon is preceded by 1somer|zatnon of the
2 4Q wlqeaﬁﬂnr})iom H ﬁﬂ!{}) ﬂhﬂlg}laﬂ%’ reaction is
evndeni from the formation of substrate isomerization products which proceeds
according to the alkene isomerization.
2.5.4 Tertiary Products from Alkenes
In ‘general, tertiary products can be defined as hydrocarbons which formation

required more than one step of the C-C bond fission or the C-C bond formation:
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Alkene-(B-C-C bond scission) — Secondary alkene products —»  Oligomers

Oligomers (secondary products) ———(B-C-C bond scission)

Tertiary products
Several general conclusions about the structure of tertiary products from alkenes can
be drawn from the results shown below’®:

1. Each C, alkene produced iary light products in the range from C; to

C,.i. No - méthane, C,, or C3" ducts weres usua observed under mild conditions,

2. Irrespect substrates, all linear and
branched alkenes producg products with quite high
yields: isobutene, 2-met . Alkenes with the same
skeletons but with differg ne le. bonds 1ethyl-1-butene, 2-methyl-1-
pentene, and 4-methyl<2-penter s+ yell 5 iS02 es (isobutane, isopentane, and 2-
methylpentane) were al

‘3. Alkenes with e,-": e “skele ut with different positions of double

bonds produced the same light-pio erent yields.

—
VAV VoV S—

rapidly brings a complete

4. A e
| &

OCT
N
i
ae

generation in the pr(ﬂc_t distrib > m
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