CHAPTER III
THEORY

3.1 Hydroxylation of benzene

The hydroxylation of benzene on TS-1 produces phenol as the primary

product. Conversion is generally kept low, because introduction of a hydroxyl group

al., 1990). In aqueou 1 banzoquinone w;s also found, in appreciable
amounts, among the p : > of F . ¢ with a mixture of hydrogen
and oxygen, an in sitd"So n be achieved on Pd-containing
TS-1 (Tatsumi et al ier route to phenol than that
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Zeolite, or crystalline alumifio silicates hawing pore of riolecular dimension,
occur q%ﬂxﬁé&nfg] ﬁ&l&*tm ;)l% ﬁl\»&l 1:]\'@ %l deposits from
saline, aﬂ(aline lake and nonmarine tuff beds. These naturally occurring zeolites, the
first known examples of molecular sieves, were studied scientifically as early as
1760, whereas their selective adsorption and ion-exchanged properties have been
known for decades. Today, zeolites and other molecular sieves, the crown jewels of
catalysis, promise to revolutionize chemicals manufacture, petroleum refining and
coal and/or natural gas conversion processes through the concept of catalysis by

molecular design.
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3.2.1 Composition of molecular sieves

Strictly speaking, the term molecular sieve refers to a class of crystalline
materials having a range of compositions that exhibit shape-selective adsorption and
reaction properties, whereas the term zeolite refers to the shape-selective materials
composed only of alumino silicates. The range of materials that make up molecular
sieves includes carbon, silica, aluminosilicates, aluminophosphates, metallosilicates
(e.g. gallosilicates, chromo silicates borosilicates, and ferrisilicates) and
metalloaluminates (e.g. germ1m In fact, the list of cations that can be
incorporated into moleculaq-h been expanded to include 16 or

more elements (Si, Al Fe Co, Zn, B, C, P ete.).

3.2.2 Composn/
wla M, (A1O2)«(Si0,),.zH,0;

the AlO; and SiO, spe e its that share oxygen ions to form

tetrahedral AlO4 and Si fidige ;b ocks zeolite unit cell. Thus, the

hydrogen cations (M) occupy ¢ 'onic sites. Table 3.1 shows the unit

cell composition fowveral lmportant ﬁ a-e

100 has a charge of +4 and

aluminium +3, the nua)er 0 d'for charge equalization is equal to the

number of aluminum i ions. .
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The synfhesis of zeolites fro;,n its basic bu11dmg blocks is 111ustrated in Figure
RN TNy =i wo
tetrahedql to formﬂneetﬂe pﬁedra (squares and hexagons) which in turn form
cubes, hexagonal prisms and truncated octahedral (14-sided).  These three-
dimensional tertiary building blocks in turn are arranged regularly to form a
superstructure inside which exist pores and a supercage. Each supercage has a
characteristic window size aperture which blocks entry of sufficiently large

molecules, i.e. the sieve effect.
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Table 3.1 Composition and limiting pore diameters for common zeolites (Farrauto

and Bartholomew, 1997)

Composition per unit cell Aperature
e Na AlO, SiO, H,0 Size (A)
A 12 12 12 27 42
Faujasite X 86 86 106 264 8.0
Faujasite Y 56 56 136 264 8.0
Erionite 27 44
Mordenite 24 6.6
Pentasil (ZSM-5) 16 55
Pentasil (Silicate) 16 5.5

3.2.3 Pore str
The zeolites e many possible molecular
sieve structures. Acc ields of chemistry offer such

chemical diversity; alth jut 60 ¢ ures are known, tens of thousands of

T atoms or TO, unit S ediameters of aluminosilicate
molecular sieves (A, erfonite, pensil, mor range from 3 to 8 A,
whereas ring S u ﬁﬂﬁfﬁ ﬁﬁﬁﬁohte.
¢ o o/
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Acidity in zeolites increases with decreasing Si:Al ratio, since acid sites are
associated with Al ions; acidity is also a function of cation. H-sieves are strong acids
but often too unstable for commercial use. Nevertheless, zeolites exchanged with di-
and trivalent ions are sufficiently acidic; for example, Ca®* is thought to be present as

Ca(OH)" plus H*. ALPOs are mildly acidic relative to the aluminosilicates. The
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Bronsted and Lewis acidities of zeolites play important roles in their abilities to

catalyze various hydrocarbon reactions, e.g. cracking and isomerization.
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Faujasite
: (Type X, Y)
Figure 3.1 Formatio of - three ‘¢o ) es,_from primary SiO; and AlO4
tetrahedral units "".."”I"" € W"vf‘m"“:‘n units, and ultimately
different mixes terti at -H three use the same structural
polyhedron (cuco-octahiedron) in the final construction (Farrauto and Bartholomew,
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The thermal stability of zeolites increases with increasing silica content and by
exchange with rare earth cations. Most sieves are uncharged by dehydrating to 400
°C; high silica (ultrastabilized forms prepared by steam pre-treatment) and rare earth-

exchanged sieves are stable to 700-800 °C. Generally, extensive dehydration causes

loss of Bronsted acidity due to the removal of OH or silanol surface groups.
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Thermal treatment of zeolites in the presence of water normally leads to
dealumination. In fact, it is one of the recommended methods for preparing
ultrastable zeolites. Moderate dealumination generally increases catalytic activity or
leaves it unchanged, whereas advanced dealumination leads to a decrease in activity
due to a loss of active sites and ultimately collapse of the zeolite structure. For
example, dealumination of mordenite significantly changes important chemical and
physical properties such as crystal structure, thermal stability, sorption capacity and
acidity, as well as catalytic properties Maximum thermal stability is reached for an

Si0;:Al,03 ratio of about 19.

after dealumination becaus@
dissociate water to stwbed‘.’hy s accordingly, the number of
Bronsted acid sites also Wocarbon cracking activity of

mordenite increases wi

acity towards water is highly reduced

S ong polarizing cations which can

For further details on zeolite

stability, the reader i§'re

1976.

3.2.6 Shape selegtivi

Many reactions involvi fﬁrh termediates are catalyzed by acidic
zeolite. With respggts to a chermcal( standpois €action mechanisms are not
fundamentally diffexcni ¢ oxides. What zeolite add

o
is shape selectivity e@ct. charﬂeristics of zeolites influence

their catalytic phenomena by three medes shape selectivity: reactants shape

selectivity, prﬁ.‘cu %)’} %@%}%ﬂq ﬂ gape selectivity. These

types of selectlﬂy are illustrated in 6Flgure 3.2,
ARIAINIUNAIINGIQ Y
Reactants of charge selectivity results from the limited diffusibility of some of
the reactants, which cannot effectively enter and diffuse inside crystal pore structures
of the zeolites. Product shape selectivity occurs as slowly diffusing product
molecules cannot escape from the crystal and undergo secondary reaction. This
reaction path is established by monitoring changes in product distribution as a

function of varying contact time.
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Restricted transition state shape selectivity is a kinetic effect from local
environment around the active site, the rate constant for a certain reaction mechanism

is reduced of the space required for formation of necessary transition state is

restricted.

The critical diameter (as opposed to the length) of the molecules and the pore

channel diameter of zeolites are important in predicting shape selective effects.

However, molecules are deformable and can pass through opening, which are smaller

than their critical diameters. Heng\m\(lec but also the dynamics and structure
accolbl”
Z.

of the molecules must be ta@ v
H—;_'. 'J

Figure 3.2 Diagram depicting the three type of selectivity (Farrauto and
Bartholomew, 1997)



23

3.3 Titanium silicalite (Notari, 1989)

Titanium silicalite is an interesting material obtained by isomorphic
substitution of trivalent metals or tetravalent metals in the framework of crystalline
aluminosilicates or silicates. Titanium silicalites with MFI (TS-1) and MFI/MEL

(TS-2) structures have been used in several oxidation reactions with H,O, as the

H in an oxidizing medium it is very likely

Karming the chemistry of Ti" compounds
—

stﬂngu@) assume a high coordination
‘ | rdination form a stable and very

frequently observed config 0 this'Ti.' must have near neighbours

oxidizing agent (Centi et al., 2001).

Titaniun has a stable va]e\

that this valence is maintai

immediately shows that+¥i

number: with oxygen, six

capable of increasing thej ationnumbe; tisfy at the same time titanium
valency of four and ). OF SIX. 4 ‘ groups are linked to Ti",
tetrahedral coordinatio CLV ation of seven in. a pentagonal

of eight like in Ti(NO3), are

From the cry$talline str:c;u';c a‘;mm ange in unit cell parameters

i vith 1 us sut Sitwith Ti" it seems justified
to represent TS-I as agilicalite in few T havﬂaken the place of Si". The
interpretation of the catdlytic activity of TS+ must take into consideration the role

played by theﬂfeu]ﬁ '@ ﬂQ E}%l@wi&%ﬂ.ﬁm, and other phases

containing Ti hu'e not been identified. Due to E.e fact that TS;] crystallizes from a
oo RN IR FRIRIV T & SeRefef of 1% in e
crystal ldttice is at random; since the Si/Ti ratio is in the range 40 - 90 in typical
preparations, most Ti'* must be isolated from each other by long sequences of -O-Si-
0-Si-0-. If Ti"V replaces a Si" it should be tetrahedrally coordinated by O~:
however, the presence of a band at 980 cm’! closely corresponds to the band observed
in other titanium compounds containing the # Ti = O group, whose streching

frequency is 975 cm™ with bond distances of 1.66 — 1.79 A; furthermore, hydroxyl
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groups are present at the surface as shown by the increase in selectivity which is

obtained upon silylation.

Finally, near neighbour positions of Ti" are occupied by Si" which in a field
of O™ is stable only in tetrahedral coordination. A simple representation of the sites
where substitution has occurred which takes into consideration the various pieces of

experimental evidence could be
0 OH

L

/Si N
0 @ ‘
B

——

Other more elaw detailed @ons could be given, should the

present model prove in erimental facts. Ti" in TS-1

/Sl . (3.2)

maintains the strong affj 20, and in fact the addition of

H,0, gives rise to a stro attributed to the formation of

surface titaniunpero € hydrated or dehydrated form

|
OH HO 0 OH o—o0 HO
O\Si/ Ti}) T / \Ti/o \Si/o
5 S5 0 ) No”

Work carriedgut on Mo(VI) and W(VI) perﬂocompounds (Amato et al.,
1986) has demonstrated®t % ants in stoichiometric
epoxidations 1@118 ﬁ mﬁ? hﬂlﬁﬁf he peroxidic oxygen:
in the presence of excess HyO, the peroxo compeund is generaﬁ:d and this accounts

for teig i nelof headion e decnie o ks tht st

mechanis$m operates in the case of Ti(IV) peroxocompounds. The relevance of

isolated Ti" and the connection with catalytic performances appears to hold also for
the TiO»/SiO; catalyst. In fact high epoxide selectivities are obtained when TiO; is
distributed on high surface area SiO, and its concentration is limited to 2% (Sheldon,
1980). It is very likely that at this low concentration Ti" are isolated and surrounded
by $iv, Furthermore, SiO; or TiO, alone, or physical mixtures of SiO, and TiO, or

various metal titanates exhibit no significant activity. Similarly, supporting TiO, on
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carriers different from SiO, like Al,O3, MgO or ZrO; leads to catalysts whose activity
is lower or nil. One piece of evidence seems very convincing: when the TiO,
concentration on the catalyst is reduced from 4% to 0.4%, all other conditions being
equal, an increase in epoxide selectivity is obtained. The only effect that a reduction
in the concentration of TiO, can have is an increase in the degree of dispersion of
each Ti": chances for each Ti'¥ of having Si" as near neighbours increase, as does
the selectivity of the catalyst. The correlation between the isolated Ti' and
selectivity of the catalyst in epoxidation could be due to the fact that on Ti'" having

other Ti" as near nelghbours§§‘+ sm proceeding through a bimolecular

Interaction of surface pero ratmg which would give rise to a

T hylropm O,. This mechanism could not

organic substrate ‘With—ia iCivascd yiuids Ul uselul ., ed products. When the
ﬂhydroxylation of phenol are

analyzed the ex1stence of a “restricted transition state selectivity” must be assumed to

explm"‘“?fﬂﬂﬁwwﬁwsnﬂﬁ
" TS &

In fine-chemical productions three-phase reaction systems are common for the

different results betwe

hydrogenation and hydrogenolysis of different organic functional groups. Other
reactions, such as  heterogeneously  catalyzed catalytic =~ oxidations,

hydrodesulfurizations, and reductive aminations are encountered less frequently.

The three phases present in this kind of reaction are a gas phase, containing,

e.g., hydrogen or oxygen, a liquid phase, often consisting of a solvent, containing the
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dissolved reactants, and the solid catalyst. Besides dissolving the reactants, the
solvent also provides a liquid layer around the catalyst particles, which might help to:
- avoid deactivating deposits and thus ensure higher catalyst effectiveness;
- achieve better temperature control because of the higher heat capacity of
liquids; and

- modify the active catalyst sites to promote or inhibit certain reactions.

Besides these positive effects there is, however, a disadvantage-an extra

*’f' ctants (e.g., hydrogen) and the catalyst

ant to the liquid phase is often, but
—

}ﬁi gher concentrations than the

rate of mass transfer [ pi i ignificance. As shown in Figure

barrier is introduced between tt%\
o

(see Figure 3.3). Mass transf
not always, the limitingsF

The organic Slm/

b4

hydrogen dissolved i

st
the pores of the catalyst particlg,_?ﬁgtmT

i
ot A

intrinsic kinetics be @nsie ed e massﬂansfer characteristics. For

example, it is useless tg try and improvegthe reaction rate by using a more active

catalyst or incﬁsﬂ\d ﬁ c’%lw ]Eliﬂh% %qogrgq I?t}‘% reaction is determined

by mass transfet!from the gas bubchs to the liqlﬁ phase, i.e. w%e}l the latter is slow
compaﬂi erlMﬂ ?ﬁﬂrﬁt% Wa‘qoﬁ §E})ﬂ %/]to increase the
gas-to-liquid mass transfer rate, for example by improving mixing conditions. When
the diffusion in the interior of the catalyst particles is rate determining, not only are
the rates often reduced but selectivities are also affected. In this circumstance one
should consider using smaller catalyst particles to improve liquid-to-solid mass
transfer. Egg-shell catalysts, in which the active catalyst species is located in the

outer shell of the catalyst particle, might also be used to improve selectivity.
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Figure 3.3 Mass tran{ \ liquid/solid catalyst system; transport of

H, limiting; p = H, _ “ at interface, C; in bulk liquid,

if the cument literatuie. Aot thiese-terins refer to an operation in

which one or more 1 ith time, but in such a way

put
| : r
that each input ‘state:-glrevisited after a time corresponding to the period. This mode

of reactor operatign; i £ { m Bi : Here, two inputs, the
volumetric flo@;ﬂ ﬁﬁﬂﬂd )ﬂﬁﬁmﬁomcaﬂy between two
values so as to generate a_chai £jjt - i lare-wave variation
of rea@lmrjnatﬁvﬁ%t‘ cﬁﬁﬁlﬁxﬁﬂij ﬁ(ﬁ studied in the
laborato:‘y, the flow rate variations are matched so that the space velocity in the
reactor remains constant, but this is not a necessary condition. The figure typifies the

system most frequently studies; however, other inputs may be varied, such as reactor

temperature, flow rate, and flow direction.
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showing definition of th ‘varigbles; ele period (frequency), T, cycle split

(duty fraction), s; AxTfac rom Silveston et al., 1995)

period (t) — the time betw cpetitions of aghange in an input condition; split (s) —
the duration of one part of cygle;?f;‘jt;l“’ t0 the. period; amplitude (A) — the change in
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