CHAPTER II

THEORY

2.1 Catalysis
2.1.1

re than 160 years ago when he
studied the reaction of hydgaBenfefosidethatis shot \_ 2.1
0 + O, @.1)

and found that several compglinds great! A of H,0, decomposition. Catalyst

4
|

was defined as a compound wiich it hemical reaction, but which is not

consumed in the reaction. In the pré mow that the catalyst not only increases

22

the reaction rate but alsdx anism and red ces.the activation energy barrier of
- -

135

reaction via decreas v;? shown in Figure 2.1%° is the

J

decomposition of H,0, at elerated by Fe?* and Fe . H,0, is catalyzed by both Fe’* and Fe**

e ’°““°Ff‘li“&‘l’“3 PENENLINT

Y 2Fe" + H,0, > I 2 Fe** + 0, + 2 H' 2.2)
QRINGATHHATINGAGEY o

Fe’* and F&* are interchanged each other. This example shows that the iron species enter the
reaction mechanism step, but the net equation as shown in equation 2.1 does not give any iron
species. Iron ions do not lose after end of the reaction, so they can be reused. The ability to

reuse is an important property of catalysts that helps the industry to save the cost.
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2.1.2

Industrial catalysts aj lugni lot only by science but also by business,
economics, and marketdMore efficient utilization of raw mat jet: 5 and improved yields with

Y )

minimal energy required. n - dition, the discovery of new

catalysts and their apphcatlon have led to ma_|or innovations in chemical processing. Market

e s ‘ﬁ”ﬁﬂﬂ ‘%"?:’J"iélﬁ IRy ot ot

technology.*
q W%aﬁﬂaﬁ m %M ’}’a w Ellr’} a Mlch can come
from any Sf the following:
(1)  reduced equipment costs,
(2) reduced feedstock costs,
(3) lowered utility costs,

and (4) reduced by-product debits.
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Figure 2.2 shows the example of beneficial utilization of catalysts. The

desired product is 4-methylthiazole which in classical pathway is prepared with more steps (5

steps) than in catalytic pathway (2 steps).”’

N ﬂu@mmw n3
QRN MNEIAY
SO, + Hac>:N_CH3M <j H,0

Figure 2.2 The pathways to synthesize of 4-methylthiazole via (A) classical method and (B)

catalytic method.”’
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2.1.3 Types of catalysts
Catalysts are classified into 2 types:’
1) Homogeneous catalysts
A homogeneous catalyst works in the single-phase reaction,
typically liquid/liquid phase, that is usually stoichiometric and use mild reaction condition.*

Most homogeneous catalysts concern with the transition metal complexes or organometallic

reactants; therefore, it is ea

Table 2. 14fist nera e erties -Q‘- ogeneous and heterogeneous
catalysts. More accessibili : atnt ndit are the advantage of homogeneous
catalysts, however; it is h l 4 em from rem 'nfng reactants or products. The
operation at mild condition ces the ¢os or industry, yet it spends more
expansive to separate and recov ¢ J‘_ ‘ catalysts. The environment can be
affected by the reacti ‘ 5_:5;;-;;;;.;'-;'.‘.’;,;;;;'-:.;.Ei‘..f.;;.:.;.‘.:.;;.:.:.' npletely separated catalysts which

are generally toxic.’

s mg%m WHARH

Homogenu;us catalyst Hetero&neous catalyst o/
9 . . an

High selectivity High selectivity

Mild condition Severe condition

Difficulty of separation Ease of separation

Ease of regeneration




12

On the other hand, although the effectiveness and accessibility of
heterogeneous catalysts are lower than homogeneous catalysts, the advantage o f using the
former is the facility to separate and regenerate because the reactant and/or product are
different phase from the heterogeneous catalysts. They reduce the contamination of the
hazardous catalysts to the surroundings.

Since the middle of the 20" century, the heterogeneous catalysts have been

of a Si*" in tetrahedral ¢ oordi tion o T eriatoms as shown in Figure 2.3. The

connecting of the pri . mﬁlons results in the different
structures of materials. The élructures of silicates can be classified into five main types:*

CULET I (TR A—

such as sodium caﬂlum orthosilicate, Na,CaSiO,. The ur oxygen atoms around silicon are
not lkat WQ@}@ﬂ@mu %;r}:} wlge’];@ﬂ and calcium
cations.

2) Isolated group structure: the two or more oxygen atoms at the
tetrahedral corners were shared together to form polyanionic groups. The Si,0,% in
heminorphite (Zn4Si,0+(0H),), Si;0," in benitoite (BaTiSi;0y), and Sic0,5'* in beryl

(Be3Al,SigO5) are the examples of these group presented in Table 2.2.4°
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O Silicon atom

o Oxygen atom

Figure 2.3 The Si*" surrounded wi en atoms which is basic unit of structure of
silicate matcri§W/{//
‘ ' L
Table2.2  Structure of( me

,_‘ | Silicon Example
fﬂ-\‘j‘ ' to
‘ oxygen
. = [ ratio
Island f ﬁ_.'_ 4 1:4 Olivine
- 7 e (Si0; 1:3 Pyroxene group
) AT |
Continuous ‘ 3
chains —Y “ | 4:11 | Amphibole group
“« ¢ y
Continuous & i 1 Micas
sheets ﬂ i -]
“ w
dimensional Quartz
networks | drawing




14

3) Chain structure: silicates can also polymerize into infinite chain
when two adjacent silicates are mutually joined with each oxygen atom, and are continually
linked as linear.

4) Sheet structure: by linking three corners of each tetrahedron to
neighboring tetrahedra, structure types of a large group of silicates are found as a two-

dimensional planar network of tetrahedra linked to form infinite anions of composition

resulted when all of

AR

| &
etweeh a- a e, only oxygen can be joined.
pCI \

The outstanding fea ie—o ' the spontaneous polymerization into

tetrahedral silicons in t

Molecular sieves are fi

dent depends on the pH,

temperature, and silicatg’cc al ha ‘.‘ Si(OH), is the dominant

species in aqueous solums of silica at low total Si concenﬂtions (< ~10° M). At higher

concentrations il 1‘ -O- A . rize to yield higher
oligomers linked@ yﬂﬁfﬂiﬂ;ﬁﬁ lﬂg ::] ﬂlﬁ
Rcactionqiqtﬁl:'sl(ﬁ q m Wﬂ.ﬂg‘ WH r] a El o

t favorable when one of the silanols is deprotonated to Si-O- group. These
oligomers grow into colloid-sized silica particles, in which larger particles grow at the
expense of smaller ones to form a sol. Ultimately these colloids themselves become
crosslinked, and once the whole volume is crosslinked, the sol has become a gel. Water is still
present, but only interstitially in an interconnected three-dimensional polymeric network.

Gelation occurs most rapidly at moderately acidic pH about 5-6; it is slowest at the silica
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isoelectric point (pH~2), probably because the Si(OH), monomers are all fully protonated. At
even lower p H, p olymerization e vidently is catalyzed by H'. At higher pH (>8), however,
much more concentrated silicate solutions are stable. In part this is because disiloxy bonds
undergo nucleophilic attack by OH" (shown in Equation 2.5) via a 5-coordinate intermediate.
-Si-O-Si- + OH" — Si-O- + Si-OH 2.5)
This is also the mechanism by which silicates dissolve in basic solutions. In part, however, the
sols are stabilized by mutual electrostatic repulsion; the colloidal particles acquire a negative
charge through partial deprotonation becaus &oups on large polymeric units are
much more acidic. From Sw ddl&ﬂem’", the silicate s tructures in
| 5 Fioure 2. Thedistibiuten of

D

\ \\\
monomer and small oligo ed whe \ nperature or pH was increased and the

alkaline solution could be

these species depended o oncentration. The formation of

silicon concentration was

VA

X
I

AULINENINeINg
IAIATUAMINYAE
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Figure 2.4 Silicaﬂ species identified b*.”Si NMR in ﬁaline aqueous s@ion: filled circles
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2.2.3  Zeolites
Zeolites are the most popular microporous molecular sieve. The first usage
of zeolite as the catalysts occurred in 1953 when zeolite Y was used as an i somerization
catalyst by Union Carbide, and then in 1962 zeolite X was used as a cracking catalyst by
Plank and Rosinski.* At present, the billions of dollars per annum were saved from using the

zeolites in the cracking of the cheaper crude oil to the higher value products.

The zeolites are thec ” materials whose structure comprises of

silicate frameworks in whic partly They are obtained by two

methods.

occumng and are recovered by
a mining operation, suc . The natural zeolites usually
form as spectacular crys ed as jewellery, particularly as
earring, cuff links, and br enard could recover the zeolites

pressures.” Until in 1949 , dﬁcted by Milton, d eveloped a

hydrothermal synthesis r&cthod using reactlve alkali-metal aluminosilicate gels with

o A1 TS LT T M—

volcanic tempera&e. The examples of synthetic zeohtaare ZSM-5 and M,CM-ZZ.

Q W %@ﬁsﬂ z@lw% %@%ﬂ%g} anﬂal zeolites are
dispersedqworldwide and cheaper; however, many researchers synthesized new synthetic
zeolites that have different structures and properties from the natural zeolites. Some different
properties are the desirability of industry, such as high acidity of ZSM-5.

The reasons for their success in catalysis are related to the following specific
features of these materials*: (1) They have very high surface area and adsorption capacity. (2)

The adsorption properties can be controlled. (3) Active sites, such as acid site, can be
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generated for a particular application. (4) Their intricate channel structure allows the zeolites
to present different types of shape selectivity, which can be used to direct a given catalytic
reaction toward the desired product avoiding undesired side reaction. (5) Their structure

presents the high thermal and hydrothermal stabilities.

2.2.3.1 Structure of zeolites

defined by Szostak® and Breck®, are

Zeolites, conve
crystalline, hydrated alumin oup II elements such as sodium,
potassium, magnesium, an 8 ites%f aluminate (AlO,>) and silicate
(SiO4*) are defined as the ‘ --,\ extending three-dimensional
network. In the structure . -\ silica or silica and silica is
performed through sharing#ox h tetrahedral as shown in Figure

2.5.% The direct connection 1C - e ' zeolites.

Figure 2.5 The framewﬂ structure ¢

ﬂ uﬁﬂ?}% Wg W'Hq'ﬂ"% is substituted in the

framework of sﬂ”a, it generates a negative charge at is balanced wth cation at the
nonframq' W r} a 'Rﬁxﬂ % ma&j wr})?fwzlllqlawﬂ determine the
frameworlg charge and the amounts of balancing cations. The general formula for the
composition of zeolites is

Mua [(AlO;) «(Si0,),]. z H,0
Where M is the balancing cation with n positive charges, commonly group I or group II ion

and z is the number of water molecules in the channels and cavities of zeolites.
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All of zeolites are constructed from the smallest part, named a
primary building unit of silicate or aluminate tetrahedra. Then the tetrahedra are joined with
oxygen sharing to generate the larger unit, called a secondary building unit, which is divided
into nine types. They consist 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 as illustrated in Figure 2.6. These units
combine together in different arrangements resulting the various structures of zeolites and

their properties. The related structure prope

N

1) High he behavior of zeolite water
2) arge @hen dehydrated
S . 5 of many zeolites when dehydrated
as 50 \\’~ dehydrated crystals are void
. Eer ) \
5) é dehydrated crystals
6) lectrical conductivity
7)

Catalytic properti

4-1 5-1 4-4-1

Figure 2.6  The nine types of secondary building unit found in zeolites.’
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2.2.3.2 Internal channel structure in zeolites
The nature of the void spaces and the interconnecting channels in
zeolites is important in determining the physical and chemical properties. Three types of
channel systems are identified.
1. One-dimensional system: The channels do not intersect together that

is found in analcime as shown in Figure 2.7.

e equidimensional; the free
qual, regardless of direction. The
imensional intersecting channels, but the

al; the diameter depends upon the

AU INENTNEINT
AR TUNNIINGA Y



Figure 2.7 The ﬂaﬂﬁﬁ"ﬂsﬂ%g Wﬂ 43] ﬂﬁwmional’ b) two-

dimenSibnal, and c) three-dirg;nsional pore system.’

RINNTUUNINYAY
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2.2.3.3 Aperture sizes in dehydrated zeolites
The apertures of zeolites are bounded by oxygen atoms of connected
tetrahedra and, in the first approximation the limiting size of the aperture is governed by the
size of the ring. In general, these rings involve 6, 8, 10, or 12 oxygen atoms; the maximum
opening is formed by regular rings as shown in Table 2.3* and the examples are presented in
Figure 2.8.° The rings can be distorted to varying degrees; for example, in the zeolite A

structure, the main aperture is formed -oxygen ring which is quite regular. The free

oxygen ions are rigid hard spheres

i J -
istafice o@g oxygens across the ring. The

eneral silicatesstructure is 2.7 A. This is an

diameter of 4.2-4.3 A is based
and is calculated from the i
accepted diameter of the

ion of the atom does not fall

nteraction between molecules and

off abruptly at the limit o
the oxygen atoms in the a 2§ hard erés during adsorption is incorrect due to
AE \
the importance of other fact h asﬁ; feet, perature and thermal vibration of the
Yy A,

oxygens in the aperture rings. a2k

' The restri¢t-chantic w ( : olites create the shape and size
selectivity which plays ;-:-_-_—T--’ nificantrote-mreataty ,‘f ans of zeolites. As shown in
Figure 2.9° three typeﬂ)f selee electivity, product selectivity, and

transition-state selectivity. Reactant selectivity ig required when the reactants in production

s confi 3 ShALLEIAT WG AR T o e s

cannot access to qﬂe active sites insidef zeolite’s poress For product sélettive, only some

i Bl ot bbbt e o . il ok v, n

the restnctcd pore the undesired reaction can be limited by preventing of the formation of

unwanted transition-state species.



Table 2.3  Apertures formed by rings of tetrahedra found in zeolite structures®

Number of tetrahedra in ring Maximum free dimension (A)

2
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750

8 membered ring

Figure 2.8 Tl%xu%jfﬁ‘lam& ui!mﬂarﬂs Sd pore size.’
AMIANTNUNMINAE
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Reactant Selectivity
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Figure 2.9'l The size and shape selection of molecular sieves.’
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2.2.3.4 Active site in the zeolites
Pure silica compounds are inert in reaction, so the active sites in
zeolites are influenced from the substitutions of aluminates that generate the negative charges
balanced with the catiohs on the surface. When the cation is H', the zeolites can be used as the

acid catalysts. The acid strength at the Brensted acid varies with the zeolite’s structure.

balanced cation position as shown in Figure 2 is the metal cation. Several metal

Q}ns position. The examples are

nd molybdenum in Beta-zeolite for

2 mﬁterials, rather than zeolite is
their ability to treat bulkier re ts:and obta 3 ‘ roducts. Moreover they can be used as
supports for grafting the large aefii “cala ich ** Many materials were
- al structure and MCM-48
orous silicate with a similar

structure to MCM-41. Ac?ally, these mesoporous materials are typically amorphous or

v 44 FAH S YR G s

crystallographlcam ordered.*” MCM-4J50 was the f st synthesized Higsoporous silicate

e QAN HADI I B e

industrial catalysts.

2.24.1 MCM-41
MCM-41 is a member of mesoporous molecular sieves, which

possesses a hexagonal array of uniform mesopores as illustrated in F igure 2.10. It has uniform

channels varying from approximately 15 to 100 A in diameter. The prominent properties,
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which are important to be used as catalyst, are the large surface areas above 1000 m?/g and

the high volume capacity above 0.7 cm/g of hydrocarbon sorption.

17! Was USeycﬂal t irilqoleﬁn oligomerization to produce
> | |
A

and hydrodenitrogenation reaction.” ,'_E'cthennme metal atoms can be incorporated to

the MCM-41’s framew&k likely the substltutmnof—AJ-onﬂghtate framework of zeolites.
L7 Y

v | X
The examples are Ti-MICM-41, W-MCM-41, Fe-M -4,-_F_l and AI-MCM-41 used for
3 il

oxidation of cyclohexanol metathesxs reactlon benzylation, and cracking of polymers,

respectively. Hﬂ%h&ie@% Eﬁé}@ Sﬁo&} ’] .ﬂ féal chemical reactions is

the destruction oq"llts structure because;of the poor thermal hydrothe I, and mechanical

R YHNED MV Y v

temperature their structure is continuously collapsed that affects the lower desired properties,

such as lower surface area, uniform pore size, and pore volume. On the one hand the pore

wall of MCM-41 is also crash by mechanically pressing in the presence of adsorbed water.
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There are many attempts to increase the hydrothermal stability of the

hexagonal materials. Among those there are three successful methods as follows:

1) The increase of the wall thickness and wall

57,58 d 59,60

polymerization®® by adjusting the pH during synthesis’"" and by restructuring method.
2)  The decrease of number of silanol groups on the pore

wall by reacting them with silanes, called the post-synthesis silylation, resulting in greater

hydrophobicity against the moisture.” "¢

;&Jnhancmg the hydrothermal stability
Mm ethylenediaminetetraacetate

thesi: xchangmg with Na*, K*, Ca*,

u-'-‘ : ‘ itages. The restructuring method

(x-

via adding some salts
(Na,EDTA), potassium c .

and Fe*',

consumes a long period,/whi pensive. For addition of salt,

although sodium and potagSium s it was poor in reproductibility.’’

Jﬁi@ '

Therefore, the use of unstablefmegpporotis ma as not complete.

LTI I

=

2.2.4.2 n:.mn- =Y
Y )

w 1998 Tce :ms incited by the discovery of a

new mesoporous matenal,‘nﬂely SBA-15, w}afsp have showed high thermal, hydrothermal,

and mechanicaﬂz%ﬁ' 'We@%@ﬂ@nqdﬂ ‘ﬁ: pore wall thickness in

range of 35-64 % which is thicker thdn that of other, mesoporous materials (less than 15

s “kae:}al&mgmhu m:r-&}uIJBﬂ &L}&aﬂ order with the
hexagonally arranged cylindrical structure and large one-dimensional mesopores up to 500 A.
The pore structure of SBA-15 is shown in Figure 2.11. The high hydrothermal stability of
SBA-15 is an advantage o ver MCM-41. One of the advantages of the thicker walls is the
ability to form stable crystal nuclei of the constitutive metal oxide within the walls or

framework.'2%¢7
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F . "‘
4

\\‘ ‘
@s of hexagonal pores of SBA-

Figure 2.11 Transmissi@icrogopy

15: a) along e is axis.®

’ TR

7
-"'5"’?-‘_‘?3_: - },, ST
the low 20 between 3¢ and|®, as showh in F

crystalline at the atonig’level, no reflectior : observed. When an X-ray

beam strikes an atom OI'JIC surface at a specific angle, a portton of the beam is scattered as

¢
shown in Figur uTBup?jqeﬂv[l%{ﬂ eﬂrﬁs to the lower layer of
isthe interplanar distance of t e crystal. Thu i
¢

atoms, where d s, constructive interference of the
=~ o/
YW TR T WM ITNYIRDY
q nA = 2dsin 6 (2.6)

For a hexagonal structure, the characteristics of d-spacing ratios are given as follows:

dioo/d110 = dyoo/dpo = 1.732 = /3 2.7)

d100/d200 = da00/d400 = 2.000 (2.8)
2 2 g2

A h_z o . (2.9)

d* a bY  g?
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Figure 2.13  Diffraction of X-ray by an atom on the surface.

29



30

From Equation 2.7, 2.8, and 2.9, the unit cell parameter (a) can be calculated using Equation
211

2.3 Synthesis strategies
Crystalline molecular sieves are generally obtained by hydrothermal crystallization of a

homogenized gel, which consists of bol quid and solid phases. The reaction gel, in

“ for silicate materials and AL** for

aluminate materials); anionig. species (OH a @templates and solvent (generally

water).

2.3.1 Therole
The for \\» erials, both microporous and

aral directing agents or templates.

Templating was defined, in a géne o ess in which an organic species functions

as a central structure about whie t,%/ i oxide moleties organize into a crystalline lattice.

Structural direction requires that a spe« s ed from a unique organic
w4 : J;"‘-’ o 95 i

compound, however, s.da » 0x10€ structure mimics identically

the form o f the organic molecule Organic tcmplate molecules, mainly surfactants, exert a

v o P R v oo

hydrophobic tall% the alkyl chain 51de‘and hydrophlllc head on the other side. The examples
of temate%q Qaaﬁ&nﬁ %W’%ﬂg%ﬁ} ﬁ Hohols crown or
linear ethers and organometallic complexes as well as polymer. An understanding of how
organic molecules interact with each other and with the inorganic frameworks would increase
the ability to design rational routes to molecular sieve materials.

The organic templates are frequently occluded in the pores of the synthesized
material, contributing to the stability of the mineral backbone. The framework stabilizing

interactions can be of coulombic, van der Waals, or H-bonding type.
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2.3.2 The behavior of surfactant molecules in an aqueous solution
In a simple binary system of water-surfactant, surfactant molecules, at a
particular concentration, can aggregate to form micelles in various types. The shapes of
micelles strongly depend on the concentrations as shown in Figure 2.147° At low
concentrations, they energetically exist as isolated molecules. With increasing concentration,
surfactants aggregate together to form isotropic spherical and rod-shaped micelles by

directing the hydrophobic tails to insi

' ing the hydrophilic heads to outside in order

to decrease the system entro threshold at which those molecules

. - . 1 G‘ e e . 7
aggregate to form isotrop 2 leanon concentration (CMC).

The CMC determines the ty of the migelles.” ion i
continuously increased, "mi : e-changes. fr phere or rod-shape to hexagonal,

lamellar, and reverse mic

LN Q‘ [ B
N
Surfactakn: ﬂ Spherer‘be s Mlcelles
1] A
!
JHIHITE
it !UJ I‘dg
Lamellar Phase Reverse Hexagonal Phase Reverse Micelles

Figure 2.14  Phase sequence of the surfactant-water binary system.”’
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The particular phase present in a surfactant aqueous solution depends not
only on the concentrations but also on the nature of surfactant molecules such as its length of
the hydrophobic carbon chain, hydrophilic head group, and c ounterion. M oreover the pH,
ionic strength, and temperature including other additives are the factors determining the shape
of micelles. Generally the CMC decreases with increasing the chain length of a surfactant, the

valence of the counterions, and the ionic strength in a solution. In contrast, it increases with

2

increasing counterion radius, pH, an

together directly (S'T and! . thﬁy occurring when the charges
of surfactant and inorganic ‘spcmes are the same so the counterions in solutions get involved

o Loa LT gE L p——

conditions, in thglprescnce of halogen‘de anions (X =Cl'orBr)an t eSM'T routeis
charactQ Wflq:ar?%lﬂnﬁmm ad:% f}zfg w &‘ Q'al\g or K"). Figure
215 shows the different possible hybrid inorganic-organic interfaces.”

Using nonionic surfactant (S or N°%, the main interactions between the
template and the inorganic species is hydrogen bonding or dipolar, g iving birth to the so-

called neutral path: S°I° and S°FT'.
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Table 2.4 The example routes for the interactions between the surfactant and the inorganic

soluble species”

Surfactant type Inorganic type Interaction type
Cationic S” r ST
| . 5.9 4
I’F S'FT°
Anionic S
SM'T
Neutral S° or N’ ST or NI°
S'XT
W semere
Where S* or N* = sugfe

I = inorganic specigg with

X' = halogenide anions "/~ .

d

P —————————
(/e e it el oot e /o C MR VAt S LA W AL S W BTN €

v

And F =fluo anion

4l

AULINENINeINg
RINNIUUNININY
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Figure 2.15 The diffeﬁ’nt pos 0 aniﬁxterface.73

- ")

234 el oo rfshithin pbéch | 7] 3
%Jiue formation of porous silicate materials concerns withithe condensation of
silicateﬂﬂt}ata’&HQMiusm;\:lgmela“ ﬁtEJ(A), the single-
chain sur?actant molecules react preferentially with silicate polyanions (e.g. dimmers, double
three and four rings) which displace the original surfactants monoanions. Micelles serve as a
surfactant molecule source or are rearranged according to the anion charge density and shape
requirements. Next in step B and C, nucleation and rapid precipitation of organized arrays

take place with configurations determined by the cooperative interactions of ion-pair charges,
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geometries, and organic van der Waals forces. Silicate condensation, at this stage at low
temperatures is minimal. The last step (D), condensation of the silicate phase now in turn
becomes proceeding with increasing time and temperature. The silicate framework charge
decreases during this process and may lead to liquid-crystal-like phase transitions as the

surfactant phase tries to reorganize the changing interface charge density.

4&%’?
| : ﬁ&i

Q‘W'm\‘iﬂ‘imm‘ﬂ ’37]8’]@&]

Figure 2.16  Cooperative templating model for biphase materials synthesis.

(¢
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2.3.5 Block copolymer as template

In the synthesis of SBA-15 materials, a triblock copolymer
PEO,0PPO,PEQO,, is used as the template. The triblock copolymer is classified to be
amphiphilic copolymers with a strong application potential, mainly due to the high energetic
and structural control that can be exerted on the material interfaces. The chemical structure of
copolymer can be adjusted, like quaternary ammonium ion, as shown in Figure 2.17.” It was
found that polymers are excellent te l‘w e structuring of inorganic networks; they
| ‘ ineral particles. In aqueous media,
—

solubilization of nonioni@)’md’is d‘@daﬁon of water molecules with

the alkylene oxide moietie should be enhanced in acid media

where hydronium ions, i iated with the alkylene oxygen

atoms. i

Figure 2.17  Main morphologies of block copolymer: spherical micelles (MIC), cylindrical
micelles (CYL), lamellar structures (LAM), modulated lamellar (MLAM),
hexagonal pinhole layers (HPL), gyroids (/a3d), ordered cylinders (HEX),

and body-centered cubic (BCC).”
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In the each part of block copolymer, polyethylene oxide (PEO) part exhibits
the hydrophilicity, while hydrophobicity belongs to the polypropylene oxide (PPO) part. The
micelles are formed by aggregating with the dehydrated PPO blocks in their cores, surrounded
by a corona formed by the hydrated PEO blocks as presented in Figure 2.18.* The CMC
values of block copolymers vary as their structure and molecular weight.”” The polymers with

a larger hydrophobic domain form micelles at lower concentrations indicating that PPO units

decrease the CMC values. On the ot formation becomes more difficult with the

more hydrophilic PEO part. lecular weight form micelles more

readily.

Figure 2.18 The existencé of PEC ing a'core PPO.**

ted that some advantages of using

Pinnavaia and
neutral non-ionic ..', h;;‘-ﬁdai&i‘.‘;-l.’-'-%h’ ediately noticed: a) larger
inorganic wall thicknes’ - rml stability of the mesoporous
materials; b) easier pore dlémeter tuning, by vawng both the concentration of the surfactant

o e it £ ] YD o cvton s b

calcination at loxﬂemperature (140 °C¥2 due to weakness of H-bondingyinteraction between

oeenphobl debaidrandiia] V117 V116 E

2.3.6 SBA-1S synthesis mechanism
In SBA-15 synthesis, the acid was added into the aqueous media, so the
assembly of inorganic species and surfactant might be expected to proceed through an
intermediate of the form S’H"XT" where S'is triblock copolymer, H' is proton, X" is generally

anion of acid, and I" is inorganic species, mainly protonated silica.'?
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For the mechanism, firstly alkoxysilane species, tetramethoxysilane (TMOS)

or tetraethoxysilane (TEOS), are hydrolyzed as shown in Equation 2.11

hydrolysi
Si(OEt); + nH;0" Y > SiO(OEt),_,(OHy"), + nEtOH (2.11)

pH<2
which is followed by partial oligomerization at the silica. Furthermore, at this condition, the

PEO parts of the surfactant associate with hydronium ions as depicted in Equation 2.12.

. / my [EO)VH;0'],..y X" (2.12)
Z.
‘ m by anion coordination of the

he hydrophilic PEO blocks are expected to

-PEO,,- + yHX

Next, coordination sphere
form X"Si-OH," may pla
interact with the proton: ted with the inorganic wall.
During the hydrolysis ’ies, intermediate mesophases are

sometimes observed and $ation o \ \

surfactant and inorganic spe

pecies and organization of the

e lowest energy silica —surfactant

mesophases structure allowe ¢ network. Figure 2.19 shows the

schematic model of formation th quid crystal templating mechanism,

proposed by Beck efiad :———_--;;..—;-——-—;—.:———-"*:; mesoporous structure that

ti% of mesoporous structure, but

F)

silicate condensation is ﬁt a dc

the whole process of two pqssxble pathways is i l ded. For the path way 1, hexagonal crystal

s A BH I B IBL AT o e e s

species added to fﬂe reaction mixture influence the order of isotropic rod, like micelles of the

s Al 5 W] 3 Dt bl | B o s i

structurally and morphologically directed by the existence of liquid crystal micelles and

mesophases.
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Hexagonal Liquid Hexagonal SBA-15 with
Crystals Array with cylinderial Pore
Silicate Layer

Rod-shaped micelle

o

Calcination

N

Pathway 2
N

The ionic radii of Siff, AF _' ~and Be’ are 039, 0.57, 0.67, and 0.78 A,

+
l3

respectively. From many reportsa - of Z te structure, the substitution of Al by
other ions affects their 8t uch as stability, ciystal lattice, acidity, catalytic
activity, and so on. To un
will be discussed below.

AULINENITNEING

2.4.1 Adqueous chemistry of iron in aqueous.st olution

Rl RAFHHRAINYA Y

In aqueous solutions, iron mainly forms octahedral complexes with
weakly coordinating anionic ligands such as H,O, OH, and CI". Oxygen donor ligands like
phosphates, tartarates, oxalates, and EDTA tend to stabilize Fe(IIl) against reduction to F e(1l).
These complexes are usually pale in color and the occurrence of mainly spin-forbidden bands
in the visible region of the spectrum. In aqueous solution containing anions of low

coordinating ability, the pale violet hexaquo ion undergoes the following hydrolytic equilibria
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to give hydroxo species which are yellow because of a charge transfer absorption that extends
into the visible region.

At the strongly acidic solution (pH below 1), the sole complex is
[Fe(H,0)s]*". Between pH value of 1 and 2, the most predominant compound is
[Fe(H,0)s(OH)]** as shown in Equation 2.13. When the pH is raised above 2, the equilibrium

in solution is shifted to precipitate the Fe(H,0);(OH); following Equation 2.14 and 2.15.

[ Fe(H,0)5(0H) I** + H;0" (2.13)

[ Fe(H,0)5 I** + H,0

[ Fe(Hy0)5(OH) 1"+ H0 = [ Fe(H,0)4(OH), ]* + H30(2.14)

[ Fe(H,0)4(OH), 1" + H; ,0)3(0H); + H;0"  (2.15)

1e presence of added bases leading to larger

Further deprotonation of the

and larger aggregates unti ed and the iron hydroxide

precipitates.
aqueous solutions, Fe(IIl) is
mainly octahedrally coordi oordination is known in basic
environments
2.4.1.2 Hydrolysis and precipitation of iron ion

pH. The pH values for Fe 03)3 solutions at 293 298 K in the absence of precipitation at 107,

010 Y PR P oo o

solutions are unstable to precipitation o& amorphous harous oxide at cwentratlons greater
than 10@1% ﬂ a@&)ﬁﬁfm@}m%’% W&J r}@)r&lvhen saturated
with fresh amorphous hydrous oxides. The values are 2.1, 2.5, 2.9, 3.4, and 4.3, respectively.
Generally, it is observed that except at high concentrations, unacidified Fe(II) salt solutions
are unstable with respect to precipitation of a-Fe,O; or a-FeO(OH). Such hydrolysis reactions
of Fe(Ill) proceed along several well-defined stages. Initially, low molecular weight
hydrolysis products like Fe(OH)**, Fe(OH),", and Fe;(OH),"" are present. When a base is

added to a ferric salt (nitrate, chloride, sulfate, or perchlorate) in amounts insufficient to



41

precipitate the hydrous oxides, a red cation polymer is formed which is eventually converted
to the oxide phase. The iron atoms in the cationic polymer have the coordination number 6.
These octahedra are condensed most probably by sharing edges or vertices and consist of
spheres of 20-40 A in diameter, containing about 100 Fe ions. These polymers are not at
equilibrium and are converted to iron oxides and hydrous oxides which are precipitated as

solids at a rate which markedly increases with temperature. When base is added to the

solution, the Fe ions in solution ,/ tly precipitation without formation of the

ire
sis feQ’olites it is desirable to avoid the

inexorably lead to the form@tion of thd inse le oxides and hydrous oxide of Fe, especially at

soluble polymer. MY

formation and further transfe

the higher temperatures aove

' B AT
2.42 Iron-silicage species 0t
The first step'in he-synthesis isilicate molecular sieves is, usually,

the mixing of solutions containd f‘ﬁ" ¢.pH. In a normal procedure, the silicate

solution is added drepwise into an acidic solution of Fe. During6ynthesis, monomeric silicic
\™ % e X

acid dissociates accordw to E

Si(OH)4 ¢ /==———3> SiO(OH);” + H' (2.16)

L ATITTITE STt SR

with increasing polymerization. Whed' Fe ions interact with silicic acid in dilute acidic
squcoi@boliond 54 ke 10| Hboibscd i kit Equion 2,17
q

Fe** + Si(OH), = = FeSiO(OH);*" + H' (2.17)

Polynuclear complexes of ferrisilicates are formed when the concentration of Fe ions in

solution exceeded 5 x 10° M as shown in Equation 2.18.

Fe(H,06)>" + Si(OH), [Fe(OSi(OH);)(H,0)52*] + H;0T  (2.18)
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Next the monomeric ferrisilicate species formed can condense with a second molecule of

Si(OH), forming polynuclear ferrisilicate species presented in Equation 2.19 and 2.20.

[Fe(OSi(OH)3)(H,0)5>*1+ Si(OH) [Fe(OSi(OH)),(H0)4'] + H;0" (2.19)

[Fe(OSi(OH)3),(H,0)4 "] + Si(OH) [Fe(OSi(OH)3)3(H,0)3] + H;0" (2.20)

The interaction of iron(III) with dissolved silica as a function of the degree of polymerization

of the concentration of Si(OH), monomer, but not the concentration of Fe species. At pH

greater than 2, the polymeric silica is,still fying up an amount of iron comparable to that

; of 101c acid. Since there are a smaller
number of free silanol gro in-polymeri snhQ acidity of the silanol groups in

polymeric silica must be pensating rele on enhancing the formation of

iron ion, the silanol groups in the
.\ can condense with other such
silanol groups to give larger $as de figure 2.20. This complex will undergo
to form silicate framework s : : u ilica needed to react with all the iron is

dependent on the extent of poly: :'n C silica source. Three factors critical in
o L

seertoe

Si0,/Fe,0; ratio are the

the conslstent and Suc “-I!!lll...gav-yg.lpv‘-cv_':vuel:ﬂV'PFAAf!!' .......... " Ty SICVCS over a WIde range of

\
s #‘ on, the necessity of using low

I

molecular weight silica soyrces and the need to suppress the formation of iron complexes

v o oG4 T G i, e st

should be slowly%lided into an aqueousgacidic iron comgmmg solution, Whe other hand, the
R IR DI ITHNR S
q :
Si(OH);
(0]
(HO);Si ——O0——Fe——0——Si(OH),——O0——Si(OH);
O

Si(OH);

Figure 2.20 The higher polynuclear ferrisilicate species.
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2.4.3 Characterization of Iron in Ferrisilicates by ESR Spectroscopy
Although the ferrisilicates can be s ynthesized from either Fe?* or Fe’*, all Fe
species are changed to Fe** when the materials are calcined at high temperature presenting O,
to remove organic templates. Since Fe’* ions is paramagnetic in both the low-spin and high-
spin electronic configurations,” ESR spectroscopy should be used to identify the status of
chemical combination of iron sites in materials where the weak ligand field of the possible

ults in high-spin ferric states. In this case,

ligands (water, hydroxide, framewo
the interpretation of the E to complications associated with

inhomogeneous broadeni phttmg (ZFS) and overlapping
signals. The X-band ESR s ites “ + usually consists of three major
signals at g 4.3, g ~ 2. 2. ‘, fy », : . : n ly accepted assignment o f these

signals has been as follo rk iron, i titial oxide or hydroxide phases, and

example in distorted teﬁhc edrﬂsyrmnetries (D4p), the powder

spectrum can display s1gngls ith geq from 2 t . When the symmetry is lower than D, or

N T OTIE TR .

that the signal inqt*le range g.q of 4.2 to#.4 may indicate, the presence ofiEe(III) in a distorted

crahedt Wb b sl s o & 20 2.} Grabsiged 0 o

lattice Fe.’!
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2.5 Methanol conversion

The conversion from less valuable methanol to higher valuable products, particularly
olefins, is the interesting topic. The reaction of methanol started from the success in
preparation of gasoline from methanol (methanol-to-gasoline, MTG) using ZSM-5 zeolite as a
catalyst operated at temperature around 400 °C and at a methanol partial pressure of several

bars. In the reaction, the intermediates are olefins formed within the catalyst channels

continuously converted to paraffins atics. To inhibit the conversion of olefin to

paraffins or aromatics, the de studied. For example, the medium-
. d.

pore zeolites were used ta he fo ‘athhydrocarbon and the decrease of

Paraffins

-H,0 _
2 MeOH Higher olefins (2.21)
+Hy0 Aromatics
Naphthenes

2.5.1 -‘4«-‘. 1S O methand :‘!y:”"""h:“;!:_‘.
Three stes fo oation of dimethyl ether, 2) the
formation of C-C bond, an‘gl 3) the subsequent conversion of the primary light olefins into

larger moleculﬂ'luﬁfatm EJ %ﬁlﬁ Hw%ﬂ%Br@nsted acid on the

surface of catalysﬂ while the conjugate:Lewis basic s e would be respons ible for the initial
-cwafmmmm N%’TJ\WEH@ d
5 1.1  Formation of dimethyl ether
The dimethyl ether, the first intermediate generated in the methanol
conversion, can be formed by (a) interacting with catalyst surface resulting methoxy groups or
by (b) directly condensing of two methanol molecules as illustrated in Scheme 2.1.5** In the
pathway (a), after reacting with H', the [CH3(OH,)]" complex continuously bounds with a

framework to form methoxy species by nucleophilic attack of catalyst framework. Then the
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complex was reacted with the second methanol molecule to generate dimethyl ether. For the
second pathway (b), the [CH3(OH,)]" complex directly condensed with the methanol, not
reacted with the framework. According to the study of Hirao et al*’, they indicated that the
direct condensation in pathway (b) was preferred to path (a). Besides, the investigations from

the magic-angle-spinning (MAS) NMR™ supported the theory of pathway (b).

(a) : \
H
H_l_H H H
s C —H
|5 N AN
O0s (6]
0" g }'{,,
0 (o) 0 O
~ A 2.7 R
si” \Al/ Ns \Al

“H,0

Scheme 2.1  Two paﬁvays . ethy ﬂ) ther in the present of an

aluminosiligate catalyst for methanol conversion process.*

F‘i‘L!EJ’ZlVIEJVﬁWEJ’]ﬂ’i
&mmﬂwaﬂmwmaa

There were many reaction mechanisms proposed for the formation of
carbon- carbon bond, which was regarded as a step producing primary hydrocarbon products.
These mechanisms are 1) oxonium ylide, 2) carbene, 3) free radical, and 4) hydrocarbon chain

mechanisms which are different in term of intermediates.
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) Oxonium ylide mechanism

This mechanism was proposed by Van den Berg and co-worker.*®

The dimethyl ether interacted with a Brensted acid site on the solid catalysts to form a

dimethyl oxonium ion,

oxonium ion. Next the

which reacted further with another dimethyl ether to form a trimethyl

trimethyl oxonium ion was subsequently deprotonated by a basic site

to form a surface associated dimethyl oxonium methyl ylide species. And then two possible

1

CH,OCH,CH

AATH

“ R+

Methylation U

JANYNINY RS-
ﬁnmwﬁwﬂ;ﬁ" g

+ CH3OCH3

Scheme 2.2 A proposed oxonium ylide mechanism in the methanol conversion.*
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2) Carbene mechanism
The carbene mechanism® involved the a-elimination of water from
methanol followed by either polymerization of the resultant carbene to olefins or by
concurrent sp’ insertion of carbene into methanol or dimethyl ether. The formation of olefins
via the carbene mechanism can be summarized in Scheme 2.3. The initial reaction step started
from the protonation of methanol by Brensted acid site and then the loss of water molecule

occurred via a-elimination to generate 'Wfollowmg the polymerization of carbene
molecules. \ //
H, N

H—C—OH + T B —£0H+ 0—2Ze0

H

n :CHZ

&

'1}16 free radical mechamsm was introduced to be the alternative

mechanism. Suﬂtl'u Hh’yge%@' ﬂ %% %ﬂﬂeﬂl?ﬁcals detected by ESR

spectroscopy, in %le reaction of dlmetbyl ether over -ZSM-S cataly % The radicals are
mmall)a)rwl} ae}% ﬂ i(ﬂéh&}eﬁ Qt’h-J ﬂ&q a %jm the catalyst
framewora, and consequently the C-C bond formation results from direct coupling of radicals.
This mechanism was supported by the addition of NO, a well-known radical scavenger, into
the methanol conversion resulting the complete inhibition of reaction. A detail of mechanism

is shown in Scheme 2.4.
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CH;0H + H-Catalyst »CH;0-Catalyst + H,O

CH;0-Catalyst + R’ > CH,O-Catalyst + RH

‘CH30-Catalyst + O-Catalyst ~——————: O-Catalyst + : CH,

ﬂ + Catalyst-O

" CH,-O-Catalyst

RH + 'O-Catalyst Catalyst-OH

Scheme 2.4 The free radica

du cts from one carbon atom in
methanol, starting material e Iny on cont veral carbon atoms can be taken

place by the addition of meth@nofor'eta king of'i es as shown in Scheme 2.5

sy

The same tw)e mechanism was known ydrocarbon pool
mecharQl W}Mﬂl‘% mhu %é}’& W&l:l;}/a B hydrocarbons
using SApO-34 as a catalyst, and *C-labeled methanol and "’C-ethylene made in situ from
ethanol in the reaction (Scheme 2.6).

In Scheme 2.6, (CH,), represents the hydrocarbon pool, an
adsorbate which may have characteristic in common with ordinary coke, and might contain
less hydrogen than indicated so it would be represented by (CH,), with 0 < x < 2. From the

isotope labeling data, it was shown that the consecutive mechanism, as far as propylene
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formation was concerned, did not turn out to be valid. Only a minor part of the propylene
molecules might have been formed by addition of methanol to ethylene since this would
imply a '2C/"C ratio larger than one. In fact, the ratio seemed to be lower, thus the majority of
the propylene molecules should be formed directly from methanol. Moreover the
Hungar et al. supported this mechanism in methanol conversion by studying in situ MAS
NMR  spectroscopy on H-ZSM-5%, SAPO-18, and SAPO-34" under continuous flow

conditions coupled with a simultaneous & is of the reaction products by on-line GC. This

observed. Slmultaneously recosd€q / \\ ra showed signal at 12-25 ppm and

29\ \\“

presence of adsorbed C,-Cgolg ’

. N
groups and the formation of ' » fofls + \\\\

125-131 ppm for HZSM- afid - d SAPO-34 indicating that the

of ethoxy, propoxy, or butoxy

Saturated hydrocarbon

AUEINENWEINT
T BT A e
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2.5.2 Coke Formation on the catalysts in methanol conversion
When the catalysts were used in the methanol conversion, a serious problem
occurring v:/as the deactivation of them caused the formation of carbonaceous deposits called
coke on the catalyst surface. Coke is the generic name given to nonvolatile and undesirable
organic compounds which should be considered as a mixture of hydrogen deficient residues.
The coke is formed in or on catalysts during operation and blocks access to the catalyst active

sites. Scheme 2.7°' reveals that col e ‘originates mainly from aromatic compounds. In

methanol conversion, coke wo Id 2 Iready be ed at early stages of methanol conversion
and would cover the acidesiies-¢ ‘ ‘- G ﬁ.92 studied the reaction of coke
formation from methanol on Z8M-5"Gatalysts and displa yed d that the main constitutions of the
coke were two ring aro € ‘ U ' __‘ ch as yl= and trimethyl- naphthalenes like

alkyl biphenyl and alkylatg

Condensationf./

anf]
Fused-ring |
aromatics

Alkylaromatics

Alkylation lDehydrogenation

Coke

Scheme 2.7  The origin of coke deposition.”!
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