CHAPTER II

THEORY

2.1 Supporting materials

The performance of many=soli atalyStsussdizectly proportional to their surface
area. To maintain a higjs@ e active \\‘i- s on the catalyst support, a

property of high surfg : 5 2) "

‘ \\\ essary required. A support
a\Q‘ \ ial. In addition, the support

material might influen icHfreriv Q \ component or it might be a

catalyst itself, thus formi otional ¢ st together with the active compound.’
Tt s . .

Supports are most often used for metatiic cat: especially for precious metals such as

platinum, palladium-and shodium. Sirice’ ui eta . sually have a very low

dispersion, it would, be 2 metal catalysts without

H

l
supports. Using an apprg nate support can increase the dis -‘J ion of the active metal. To

function as a s ﬁ 'Em have a high surface
area. The surf ater than m/g is preferable Any solid matenal can be
used e\q m ﬁqﬂﬁmu Weﬁﬁ f'Fﬁleetal oxide

supports@nd to a lesser extent carbon supports. The dominance of metal oxide supports is
a consequence of their generally high thermal and chemical stability, and the knowledge

of how to prepare these materials with hi gh surface area.
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The surface of metal oxides are composed predominantly of oxygen atoms,
hydroxyl groups and exposed metal atoms. The chemical properties of these species and
the manner in which they interact with metal-bearing precursors are strongly affected by
the amount of charge localization. Oxygen anions behave as Lewis bases, metal cations
behave as Lewis acids and hydroxyl groups can act either as acids or bases. The strength

and surface concentration of acidic and

basic center depends strongly on the nature of the

on the composition of  the al ch al¥environment. Supporting the
surface composition of an ' V] Huy whe creases in a value, the O-H

bond in the hydroxyl grou acid strength of these group

,\ N

increases. The charge 5 alsg idftaentes thefacid stren h of the hydroxyl groups. As

the charge increases, the a lty is reduced. For example,

Mn,05 is an acidic oxide but ]

The choice of a support .# governed by several factors.” The

edl the chemical nature of

= g

Y]
- nd price. An advantage of
J
using amorphous suppo ed lS that they are commerc:ally available. These supports can

s G141 1Y G W oo i

lamellar morgamc solids, zeolites ‘have well- deﬁned three- dlm jon crystalline

e AR HAIRNEIN

agents, zeolltes have received attention as catalysts or reagent supports as well. The

important factors arg,the

the active phase, me

characteristic properties of zeolites, such as variable acidity, shape-selectivity and thermal
stability, make them attractive supporting materials. Indeed, they have already fulfilled
important roles in the petrochemical and oil processing industries.” Although zeolite-
supported reagents are air and moisture sensitive materials and require storage in air-tight

containers, they offer the potential for shape-selective control of chemical reactions, and
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consequently present new avenues for catalysis and synthetic methodology. In addition,
mesoporous materials of which synthesis method has recently been developed can be

prepared and used as supports in alternative ways.'’?*

2.2 Types of Supporting materials

istinguished:” (a) amorphous solids

with random pores, so tha on take rregular surface; (b) sheet or

amorphous silica and amogphous

into the second, and zeoliteg

There are many usef e nost frequently used supports

are alumina, mostly as y-Al sifienact atbon and oxide supports that are

usually prepared via precipitation e In addition, microporous crystalline

materials such as zeglités were of interest to replace the entional amorphous support
_ﬁ

\“e RY |

because of their mo clula " materials. Specific channel

i

it ' [t
structures results in mo ec.glar shape selectnvnty where the size and shape of a diffusing

e G LRI I T e

the research for mdmg new high surfage area supporfs was required dE’to limitation by

the poﬂlw%@mgmalﬁ Qé}m ﬂr;]sa a&J‘ntion. These

materials%egan with the discovery of M41S family'” in 1992, and subsequently followed

by other mesoporous families.'®***° These materials can be used as supports and can be
modified to be catalysts by incorporation of heteroelements into the framework of silica.”

Table 2.1 shows properties of some supporting materials.
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Table 2.1 Properties of some supporting materials. ™'
Support Crystallographic Surface area (m”/g) Acidity
phase
Alumina Mostly o and y 100-300 Ampbhoteric

Silica gel

300-600 Weakly acidic or basic

Silica-Alumina* Acidic
Zeolites Acidic
Struétuf S
HMS Hexafo / ' ‘ﬁ ’\\\ 000 Weakly acidic
i Al : o \\\\\\
#d‘a_ ‘ \
b l.‘— "
*10% molAl,O; ;

]

- _ ~
Amorus silica'has'nofong-range crystally e order.” However, short-

range order maybe res&ﬂg nding on t ethod of pre ‘ tion. The surface of
amorphous sil@cﬁiﬂo&lﬁn&iﬂiﬁiﬂcﬁsti group. Silanol groups
are hﬁwp] aua ﬁc . ‘rﬂi ﬁrﬁﬁw prvégyropenies. In
additionq silanol groups are amly acidic so that amogous silica can be used as
calalyst for facile acid-catalyzed reactions. Although the silica surface is too weakly
acidic to participate chemically in catalysis, physisorption of reactants from solution or
gas phase onto the silica surface can lead to a local increase in concentration, thereby

increasing the rate of reaction. Impurities within the structure of amorphous silica such as

aluminum or magnesium lead to the increased surface acidity.
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2.2.2  Amorphous Alumina

Aluminum oxide or alumina is usually prepared from the dehydration of
aluminum hydroxide at the temperature of 900°C in a stream of CO,. The resulting
alumina particles are coated with a thin layer of aluminum oxycarbonate. This

corresponds to a basic grade of alu ever, water content and alkalinity can be

adjusted by washing with acidy ) § des Thus, alumina is available as

basic, neutral and acidic grz n cz lumina, flash calcination of

hydrated alumina res / \\\\ steam. The steam generates an

internal pressure, which g “within the hydrated alumina

s' @
precursor, giving rise to

\ ted alumina is an amphoteric,

containing either acidic g e 2.1. Surface acidity can be

ﬂh.l

increased by impregnation 5 { ‘. ahd F~. The strength of acidic
, P,
and basic sites on surface is sfro J-}}EL. helocal environment of the site, and

it is usual to find acxdxc and bas j #A- picely illustrated by considering the

Changes n the aCId] U-'---uuunmu---unn...a.'m;ca........;{nrr_e' . droxylation_ Increasing

A
f

of the temperature ca IN A 10 ,'
" ¥

Bronsted acid sites as a

consequence of dehydratha

ﬂ‘UEJ’JV]EJ‘ﬂ?WEJ’Iﬂ‘i
ammnmum'mmaﬂ
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ror i
—AI—O —Al— ___}EO__, —Kl—o — Al —
l | dehydroxylation I I

A

Lewis Lewis
acid base

+H,0

‘o L7 ,
ﬁhuﬁ@ aﬁ ﬂ%ﬁbﬂ ﬁf;‘lﬂﬁ support can also be
altered by mcor&ratlon of a second metal atom into &e framework of ost oxide, or by
SUbStltq Wmmoﬁ m.u %t:(:ls@ wlﬁl’l &B’ F. A classic
sample of the influence of mixed oxide composition on acid-base properties is that of
silica-alumina.”®? Figure 2.2 shows that the Lewis and Bronsted acidity of silica-alumina

varied with the proportion of silica. Remarkable result is the very high concentration of

Bronsted sites formed in the range of 60-80% SiO,.
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0 10

Figure 2.2 Acid amo 'on of Si0,: (a) Total amount

- " . ),
of acid, (b) B) onsted acid amount.”®

Amorphous S“ica'aIUi :

When AI** replaces., Wi the structure, it results in the f8ragion of an acidic hydroxyl
i ———

\"7 ) J
group [(AIO(OH)), j;l’t a-alumina was used on a large
! |
i iF |
scale as a cracking cataly ‘; before the mtroductlon of zeolite catalysts.

ﬂ‘UEJ’JV]EJ‘ﬂﬁWEJ’Iﬂ‘i

2.2.4 Qeohtes

Qﬂﬁﬂﬁﬂﬁmﬂﬁﬂﬂﬂ’]ﬂﬂ

A zeolite is crystalline microporous aluminosilicate with a structure

based on an extensive three-dimensional framework which formed by connection of
tetrahedral [Al0,)” and [SiO,]* linkage.”” The A1O,” tetrahedra, or empirically AlO,’, in

the structure determines the framework charge and which is balanced by cations occupied

nonframework positions. A representative general formula for a zeolite is written as:

han either pure silica or pure alumina.

100



Mx/n[ (Alo.?)t (8102)y ]WHZO

M represents the exchangeable cations, generally from group I or II in the periodic table
of elements, and n represents the cation oxidation state. The value of x is equal to or
greater than 1 because Al"” does not occupy adjacent tetrahedral sites, otherwise it results

in the negatively charged units next to_each other. The framework of a zeolite is

represented in Figure 2.3. The f J ‘ channels and interconnected voids

Figure 2.3

]

B “Fl'

! . J . .
«{he structure of zeolite consisttd of a three-dimension

framework of ﬁtﬁfﬁaﬁrww%fwﬁqﬁ? atoms are silicon or

QMR IUYPNININY

Silicon or Aluminum

o
d
---------

Figure 2.4 A primary building unit of zeolites.
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Adjacent tetrahedra are linked at their corners via oxygen atoms, generating a
variety of secondary building units (SBU). A secondary building unit consists of selected
geometric groupings of these tetrahedra. There are sixteen SBUs as shown in Figure 2.5,

which can be used in describing all of the known zeolite structures.

8
4- = 4 2
i
3
i T
4-1 e 51

Al dvandfiaing
N ARRTUNATN YA Y
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Most zeolite frameworks can be generated from several different SBUs. For
example, the sodalite unit can be liked together through the single 4-membered ring, and
the single 6-membered ring as shown in Figure 2.6, to form a framework of sodalite or

faujasite structure.

(a)
Figure 2.6 Formation @f igiportaat Fuy tal frameworks from the sodalite unit
(a), resulting in either sodalitg v ..-.“:i £ ' > framework Ok
et /

etig the different number of

..‘-

\ %
tetrahedral atoms de -f;?’(; ire=Z./. The ring sizes are often

- "y

The differe e

I il

mentioned as the number of oxygen atoms whlch are equal to the number of tetrahedral

atoms. One oﬂnu ﬂl%ﬂ%ﬂj%ﬂgﬂ(ﬁ}eﬂhﬁzSM -5 typed zeolite |

(MFI strutcure)” probably the most “seful one. The formatlon of pe il unit resulting

o QRN HUAF I L o

zeolite has two types of channel systems, one with straight channels of pore opening 5.3 x
5.6 A and the other with zigzag channels of pore opening 5.1 x 5.5 A as shown in Figure
2.8. These intersecting channels are perpendicular to each other, generating a three-
dimensional framework. In addition, ZSM-5 has the greatest number of industrial

applications.
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(b)

©
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Figure 2.7

Example of the three types of pore openings in the zeolite molecular
sieve, (a) small pore zeolite, (b) medium pore zeolite and, (c) large pore

» 2
zeolite.*?
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Framework projection of ZSM-5

’ / raight channel

B 0.0 X 53 A

: ‘_ ] \
o ) *.’..' igzag channel

Pentasil unit

b

32,34

Figure 2.8 Formation of the, e:and channel systems.

-_ /
iV A .
Three variables, ¢ iﬁ ctures: reactant mixture

h |
)i 1)
components, temperature, and time.” In general there are also some other factors such as

aging period, ﬁug%%ﬁﬂﬁ%ﬁflﬂ%mn and the order of

mixing. These &tors are sometimes ialled hlstory-de endent factors

QW’]Nﬂ‘iﬂJﬂ‘ﬁﬂﬂmﬁﬂ

a) Reaction mixture components

Each component in the reactant mixture contributes to specific characteristic
properties of the gel and to the final material obtained. For examples, zeolite ZSM-5 can

be synthesized by preparing mixture of tetrapropyl ammonium ion, sodium oxide, an
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oxide of silica or germanium. an oxide of aluminum or gallium, and water. The reactant

ratio of mixture prefering for ZSM-5 phase formation is shown in Table 2.2

Table 2.2 Details of the reactant ratio in the gel mixture for ZSM-5 synthesis®
Reactant ratio* Broad Prefered Particular prefered
OH/YO, 0.07-10 0.1-0.8 0.2-0.75
RN'/(R;N"+Na") 0 #3-0.9 0.4-0.9
H,O/OH ' — : é 10-300
YO04/X,0; dRRN e 10-46
*R is propyl, X is alumin fo f"_ rmanium
bl
In addition, for te ) ' silica sol as silica source, it
was found that at high SiO,/ALO, fi 1 étio, the mixed phase of ZSM-5
and mordenite zeolites is prefere v,‘v t - d, when the SiO,/Al,0; was low but
Na,O/Si0, ratio sti e has me the pure phase of
mordenite zeolite. The 4 i tion is SiO,/Al,0; = 50-70 and

Na,0/Si0, = 0.13-0.20 wlyle mordenite formatlon is SlOz/AIZO;; = 20-25 and Na,O/Si0,

o e YR PR GIINRG

pure phase of the wanted zeolite produgt.

QW]NﬂifUNW]’mEJ’]ﬂEJ

(b) Temperature

Temperature influences the zeolite phase obtained and crystallization time.
The crystallization period decreases with increasing temperature. However, as the
temperature changes, conditions may favor formation of other phases. The rate of

crystallization and changing of temperature is shown in Figure 2.9 and 2.10..
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Figure2.10  Conceptional for the changing of crystallization rate and crystallinity
with time on hydrothermal treatment with programmed temperature

rise.”’
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In case of the ZSM-5 synthesis, the temperature range is 100-170°C for a period
ranging from 6 to 60 days.” However, the preferable condition is 100-170°C for 12 h to 8
days. The higher temperature, the shorter crystallization time is needed. The conventional
synthesis of zeolite ZSM-5 can be modified to rapid crystallization method”’, appling the
temperature program for crystallization of the ZSM-5 from the concept as shown in

Figure 2.10.

(¢) Time

,

Zeolites are allize to other more stable phase

which can be observed i ofiged crysta Z fime. Crystallization parameters

must be adjusted to ming otherundesired phase and also to

minimize the time neededffo Obtaitied’ the C ystalline phase. This parameter
correlated with temperature hat-the per time can be reduced by increasing

temperature. Figure 2.11 shows _;_,; E on phase transformation in template

free synthesis of ZS e -5

7 Y )

50,7410, ratio |

100 ¢ a

L BB ET)
[ =t ————a )

| TN 6 ALk
Q “ d I; .m-galn:]m@rtz
| > 4
9 W+ 2| zsms ZSM-5 ]
] T .  CR -~
E J ZSM-5and mordenife j\";
20+ 4
4 mordenite
1 + + ¥ + —_
24 48 7 96 120 w8 t/n

Figure 2.11  Isothermal phase transformation diagram of the template free synthesis of

ZSM-5, SS denotes sheet structure.*®
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2.2.4.2 Acid Sites in Zeolites

Classical Bronsted and Lewis acid models of acidity can be used
to classify the acid sites in zeolites. Bronsted acidity is at the proton donor site, and
electron deficient atom that can accept an electron pair behaves as a Lewis acid site. Both

types of acid sites occur in zeolites as s own in Figure 2.12.

Lewis a¢idisi

7

I
|
W

e BERRHRIWEN T |
ARARIATAAM AN

The combination of high internal surface area, acid sites,
selective sorption and molecular sieve properties, makes zeolites the most useful among
versatile heterogeneous catalysts. High internal surface area and acidity give rise to high
activity, while selective sorption and molecular sieve properties result in high reaction

selectivity. Reaction selectivity may be diffusionally controlled (reactant or product
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selectivity) or may be geometrically controlled (transition state selectivity).Figure 2.13

shows the models for the three types of selectivity obseved in zeolites.

Reactant selectivity

4 ¥ ' " £ u‘ - o
v e A PN \
CH-OH + , - 3 ~ —_— @
. O Vi

Transition selectivi

ﬂ‘LJEI Timl EWB 17173
pien P41 VaNRIAURNANENAY S

transition-state shape selectivity.’
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2.2.5 Mesoporous Materials

Two classes of materials that are used extensively as heterogeneous
catalysts and adsorption media are microporous and mesoporous materials. Well-known
members of the microporous class are zeolites. Although zeolites exhibit excellent

catalytic properties, their applications arg limited by the relatively small pore openings,

porous zeolites. Until 1992, Mobil
esoporous silicate molecular

. - ' X
sieves called M418S. Th(

s have well-defined pore sizes of
15-100 A The extremely Jui€h sf / ooo m’/g and the ability to

precisely tune the pore able properties that have made
such materials the focus ) .‘- ily is classified into several
members. The most useful 500 I structure. Since the synthesis
evelopment to search for new
mesoporous materials and to in vest aate | : ies. Recently there are many families
of mesoporous ma ‘ nals Especally e meseoophs’ member with hexagonal

g l
onal Mesoporous Silica), FSM-16

structure was discoveE!,

(Folded Sheets Mesoptk)rcgasgaterials)'8 and W-IS with straight hexagonal structure.”

vsans it} kA I RN B e

materials at vanous pH of gel, the hew hexagonakwmaterials can Be/ obtained.” The
intera(ﬂqum arﬂﬁg jtmilm ’ilgnnﬁji;]faaﬂmbling these
materials are different as summarized in Table 2.3, together with the condition typically

employed for a synthesis.



Table 2.3 Various synthesis condition of hexagonal mesoporous materials and the
type of interaction between template and inorganic species.
Material Template Assembly Media (pH)
MCM-41 Quaternary Electrostatic Basic or Acid
ammonium salt
FSM-16 Quaternary Electrostatic Basic
ammoniu (pH =8.5)
SBA-15 Amphir ck ding Acidic
N - (pH=1-2)
HMS Prig » iﬁg Neutral
-I.
MCM-41 and e Sy uaternary ammonium salt as a
template. In case of SBA-JS, philic olymer can be modified as a
e
template and must be synthesized inseq ion of hydrochloric acid. On the other
: . ".-:j i
hand, HMS can be prepared in : ironmentally benign condition using
AW,

primary amine as a

structure, some prop

e the same hexagonal

i ﬂﬁ‘ﬁl‘?ﬂﬂ%ﬁ%ﬂﬂﬁm‘"

Material ore size Wall thigkness BETL specific g Framework
q WIaNT m H TR B R B
1 ;

MCM-41 15-100 >1000 Honey comb
FSM-16 15-32 - 680-1000 Folded sheet
SBA-15 46-300 3-6 630-1000 Rope-like

HMS 29-41 1-2 640-1000 Wormbhole




2.2.5.1 Characterization of Hexagonal Structure by XRD

Reliable characterization of the porous hexagonal structure requires the use of X-
ray powder diffraction (XRD). The XRD patterns of hexagonal mesoporous materials
show typically three to five reflections of two theta (20) between 2° and 5°. The
reflections are due to the ordered hexagenal array of parallel silica tubes, and can be

and (300). Since the ma it v ! 1 atomic level, no reflections at

fer indices (100), (110), (200), (210)

higher angles are obs'e( jhic » alculated by determining the
difference between the | ’ . 3). Kom Bragg s law, when an X-ray
beam strikes a crystal su A s scattered by the layer of atoms
at the surface. The uns on. r_‘ ¢ béaml penetrates to the second layer of
atoms” as shown in Figurg®?. here o 1S ‘ ar distance of the crystal. Thus,

the conditions for constructiVe jfifetfrence; beam at angle 6 can be described by

2.1)

Figure 2.14  Diffraction of X-ray by a crystal.*



Hexagonal structure have characteristics of d-spacing ratio as follows :

dioo/d110 = daoo/drp = 1.732 =13 2.2)
leO/dZOO = d200/d400 =2.000 (23)
1=h+i+P (2.4)

2 2
& a2 v

From Equation (2.2), (2.3), andy(2

(2.5)

In addition, charg s, indicates order of hexagonal

structure. HMS has lon u\q to the very weak 110,

200, 210 peaks in XRD p g w,\. phase. Only 100 peak ocurrs

23,30

in XRD pattern of HMS. | Ag domain size.

2.2.5.2 Mechanism of ._4',_;;} ';

L
D

V_ ‘|~r‘ :
A number of q’-r plainrthe formation of mesoporous
¥ iF |

materials and to provnde‘a rational basis for &l? various synthesis routes.”” On the most

. SRS PR Fooms i sovionts

direct the formatlon of the inorgagic mesostrucgure from the sojubilized inorganic

B ek 5 Wl i ik i v

signiﬁcahtly different depending on the various synthesis routes as shown in Figure 2.15.
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1=8i
(A) MCM-41 "X -S="\NAAV X =Cl or Br

S = trimethylammonium

I=Si
S = trimethylammonium

(b) FSM-16 [-S"—" "\ AN/

I1=Si
S = amine

= Si
T\ ,; »
. ély(akene oxide)

(c) HMS I -SO—/\/\/\/

(d)SBA-15  I"X _H

Figure 2.15 Scheifia Sghis Vario f Interaction of surfactant
head grouph static in MCM-41 (a) I" X ~S*

and i HMS (c) S°I°and SBA-15
(dr*

In case of MCM-41 and f,‘-’; ion between template and inorganic

species is electrostaticintéraction v 2en bonding _‘, tion occurs in HMS and
- \
’ l‘

SBA-15 synthesis.* Thepe "re controlled by alkyl chain

!
u‘

length of surfactant. Mechamsm of mesoporous formation were different depending on

e HHANENTNEINT
IARSATAUMAINEN T

A liquid crystal templating (LCT) mechanism was proposed by the Mobil
researchers that firstly reported M41S material. The variation of surfactant concentration
plays a significant role to controll the structure. When surfactant / Si ratio was lower than
I, hexagonal mesophase was obtained. Figure 2.15 shows two possible pathways for the

LCT mechanism for hexagonal MCM-41 synthesis.
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Hexagonal
array

Surfactant

el Micellar rod

Calcination

MCM-41
L Silicate

N
Figure2.16  Two possib

There are two mai uid-crystal phase was intact
before the silicate species w addition of the silicate results in
the ordering of the subsequeny8ilicate=en micelles (pathway 2)

(b) heet Formation.

The intercalatkmof ammonium surfactant into hymled sodium silicate, which
composed of s -lay cﬁ % ed the lamellar-to-
hexagonal pha mluﬂ vmem.paranon ﬂ‘ter IeTsurfactants were ion-
exchanﬁ WJT aeqdﬂ\ﬁumﬂnﬁﬂeﬂg Wa EJI around the

surfactany and condense into a hexagonal mesostructure. The final product was claimed

to be very similar to MCM-41. However, Vartuli ef al. found that the layered structures
were still retained in the kanemite-derived mesoporous materials.*’ Folding sheet

formation is illustrated in Figure 2.17.
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C H7n+1 N Me3
lon exchange §§ § § Calcination E % E §

Kanemite Silicate-organic complex Mesoporous material

Figure 2.17  Folding of 3 @d surfactant molecules.

could be prepared by the

hydrogen-bonding inte \-. group and hydroxylated

tetraethylorthosilicate (I%) aterials lacked long-range oder

.V‘ L
of pore, but had higher amounts fs Cl esoporosity, because the long-range

effects of the electrostati ntroll the packering of

, 7
micellar rods were :f~ S pedte produced mesoporous
Tl

silicates with thicker \Els and higher thermal stability o"u pared to the LCT-derived

silicates. The sﬂ uﬂw BWﬁ W)Er!rﬂn?rally charged. From

this reason, the s@factant can be easnly removed by solvent extraction.

QW’]Mﬂ?ﬂJ UA1AINYAY
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CnH2n;1NH2 +  SI(OEt)4.x(OH)y —— >

/pomaneous rod-like

micelle formation
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Figure 2.18  Schematic representation of the S°I” templating mechanism of formation

of HMS.*




41

2.6 Hexagonal Mesoporous Silica (HMS)

HMS was discovered in 1994 by Pinnavia er al.'’ This material can be synthesis
at room temperature by neutral templating route. In this case, primary amine can be used
as a template, alcohol such as ethanol or propanol was used as a cosolvent.*® Although

alcohol behaves as a cosolvent in HMS s esis, it make a different of polarity of mixed

90 : 10 v/v) and ethanol (

or the porosity arising frg

/ \\\\ \ v/v) Textural mesoporosity

guregs es fromed by interparticle

contacts of HMS using wa ’\\\\ anol rich system, HMS with
low textural porosity ws obtai rﬁ ? \\\\ pose of macroscale spheriod
Al.u \

i \\

particles aggregate into theMlargersp “rich system yields mesoscale
,w

particle aggregate into larger g
The pore size of HMS ca kyl chain length between Cs-C)g in
primary amine temp WS> and aiso_modaitied with-awxarHarv gtilicture modifier such as
\7Z A
mesitylene to expansion | e po ;,j tion between template and
i : 4

inorganic speices is hydroggn bonding, the orgaej phase can be totally removed from as-

synthesized saﬂ u %}% %ﬂ W"?w‘ﬂ ,}ﬂm he case of the other

pathways where ql!rong electrostatic imteractions exﬁ, between organii¢f and inorganic
phase. 'ﬂ w’] a@mamum:l‘Dl nﬂla mnesoporous
structure that could occur during calcination in air a relatively high temperature.
Inaddition, the environmentally synthesis condition make many resercher focused on

HMS synthesis and its potential application.”



42

Pure silica HMS was limited its application to catalysis, supports or adsorbents.
In order to provide HMS with potential catalytic application, it was possible to modify the
nature of framework by incorporation of heteroelement.®> When trivalent metal cations
like AI™*, B, Ga™, Fe** were incorporated to framework of silica, negative charges were
occurred that can be balanced with proton. These solid catalyst can be used as acid

catalyst or acid support. Acidity Adsorption of pyridine result on AI-HMS reported by

Tuel er al showed that Al-HM : U Lewis and Bronsted acid sites. The

Bronsted acid sites in Al-HMSswere we mength was approximately the

same as that of amorphot

| .
: ‘} \\ as support in cracking,

i, Mokaya and Jones was found that
Y\_ o
i

directly calcined AI-HMS es very similar in strength to

HY zeolite. To function 2

dehydrogenation, hydrodes#ilf ,4 clec -atalytie reduction of NO with NH;",
Ah'd-
Fischer-Tropsch®® etc,.Wheufot il reations Iil \ n**, Zr** substituted for silicon
. -,}, v r '
in the framework, the electrg ;‘fﬂ_: inediand the metal-containing can be

used as oxidation catalyst. 7 ..",'?[.!',." ‘ 7
" T o

4
j

Althouﬂ %{;ar%%%%:wg ,;}lﬂtliemarkable catalytic

properties, difficulting in separation frofm reaction megia make them unécénomical. Thus,

e o A ST M A DL LHELAR, b i

different strategies can be considered.*

2:7 Supported

1) Physisorption

This method is applied to volatile uncharged organometallic compounds such as

Ni(CO),, Fe(CO)s and Mo(CO), using zeolite as a support. The molecules can be
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adsorbed on the surface of zeolite by vapor deposition. The molecules loosely hold in
zeolite cavities by weak Van der Waal interaction, classified as physical adsorption
(physisorption). This interaction cannot prevent the leaching of metal complexes from

pore into solution during catalytic reaction.

2) Anchering

Most of the studi s§use-sili @because it is chemically inert,

thermally stable and ha

or ligand bonding. Two different

approaches were used, wh 1lation 2.6 and 2.7.

,—OH + X- 0s L'ML,, (2.6)

'—OH + (X-L|

@.7)

A
ts Of functionalizing the surface

iF |

The first approa
l

of silica by reaction bem"een a bifunctional uynd (X- L) and the surface silanol. The

second approaﬂ ‘Hvﬂu ’}%Hwnﬁ wsﬂﬂ nﬁe metal complex with

desired functlor&qlzed ligand (L") whigh interacts toghydroxyl group dhsurface of silica.
In casQf ngla ﬂ ﬂ:[ﬁ)mu morl‘ng lnuar] sa- EJn\ethyl allyl,
alkoxnde and chloride which are reactive to protons of acidic zeolite. The fragment of the
metal species is stabilized by coordination between the metal center and oxygen of the
zeolite framework as shown in F igure 2.19. However, disadvantage of this method is
from the nature of moisture and air sensitive of organometallic compound, so making it

difficult to handle.
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‘f e
L-M-X + ' /0\ — ' /O\ + HX
Si Al Si Al

L-M-X: organor -
L : hgan (] ll"'_'en hy VLo D

X : reactiV d alkoxide
HX  : byp ;/ \‘ ) alcohols

Figure 2.19  Achoring of ogaior "u ’s\\\\ olite surface.

(3)  Encapsulatie

Encapsulating-é«encagin alyst in the voig porous materials is also
F .‘

known as “ship in th b -:-1 S PUsed f t preparing Nickel complex

| .Iﬂ

in pore of zeolite X. ThIS IPethod has been dev&lﬁped from the idea of assembling a ship

in a glass bottlﬁnu;ﬁ ’J %nﬂ%ﬁ w Ej ’] ﬂoﬁe the ship was built

up from the partsuflthm the bottle. Thisfidea can be applied when ;'jnthuzed complex is

R RAGRT UL IE

the size encapsulatlon product. The First step is ion exhange making a counter ion of the

n preparing

zeolite framework to be able to form a chelated complex for encapsulation in the second

step. Examples of this approach were illustrated in Figure 2.20.
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r@

’ ;l } /N
=N -Zeolite \\/

. {7
Figure 2.20  Encaps ib

ﬂumwﬂmwmm
QW?ﬁﬁﬂﬁﬂJﬂJWT}'ﬂmﬁﬂ
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“4) Intercalation

This method introduces the cationic catalyst between the silicate layers of

swelling clays by the conventional ion exchange procedure as shown in F igure 2.21.

Silicate layer

Silicate layer

Sil
~ilicdte layer

dcomplex

Figure 2.21
2.8 Supported Metal C

The term ported catalyst is used in -3 Vervw _'d eaning and not only in

system which the trar ’*:';'o O thefsupport. Metal catalysts are

; .I

usually prepared by disper. ‘smg the metal onto a hlgh surface area support, to assure that a

high prowﬂmﬂ»%&} 5}1% H\ %qli w Bf;] ﬂ ‘vﬁh gaseous reactants.

Most of the sup&mng materials mentioned above age.not purely oxidigiunless treated at
very hQ w’%@ﬂﬂ lﬁ(m umrlagvlﬁ ’]fa ﬂ the form of
surface hydroxyl groups.’ In general, the higher the treatment temperature of the support
the lower the water content, but the surface area also usually decreases with the treatment
temperature. The surface hydroxy groups are sites at which the precursor of the active
species interacts with the support. A supports can be loaded with the active compound by
various techniques. The most important ones being impregnation. In addition, ion

exchange method can be used for the support having ion exchange properties such as
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zeolites that are cation exchanger materials. According to the purpose for dispersing
metal to support, highly dispersed metal catalysts can also be synthesized by means of
modified metal atoms. The metal ions are in the gel mixture for preparing of support in
sol-gel synthesis. It was called direct synthesis. For example incorporation of heteroatom
into framework of pure silica mesoporous material using metal salts yields varied useful

catalyst.”

1)

Impregnation is t 1 , [ making a heterogeneous catalyst.’' A
support or carrier, usually f fdterial , act with a solution of one or
more suitable metallic co 1e cartigr 1S then'dried, and the catalyst is activated

as in case of precipitated catalysi e catalyst particles are those of

the carrier. The impregnatio uipment since the filtering and

forming steps are eliminated a '_f._r,;, ,ug, A be needed. It is the economically

Srio spread out the metal in

AY |

a highly dispersed form p d"camibe divided into two types;
) |

wmmmw 81173
Qhﬁéﬂoﬁ ANIUURITNAE Bt

supports. The composition of the solution will be changed slowly as the metal is absorbed

desirable method in pri

on the surface. Thus, the metal content on the support will not be equal to the initial
content in the solution. Besides, the release of support debris in the solution might form a

mud, which makes it difficult to separate from the catalyst.

(b) Dry Impregnation or Impregnation to Incipient Wetness
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This method is favored for industrial catalysts because the solution of metal salt
will be dispersed by spraying on supports. The volume of solution should be equal to the
pore volume of support in order to control the amount of active component. The required

catalyst was obtained after drying and calcination step.

) Ion Exchange

Zeolites are catiofl'exchan@oable mats and cationic complexes can
occupy framework catidn i ation 2.8. Metal zeolite can be
prepared by ion exchahge \ a-zeolite) with an aqueous
solution of metal (M). The ""f the case of physisorption.
This method provides strongg en cationic species and zeolite

anionic framework.

dNA" aq) (2.8)
LY

!

i¥

This method is simple and gffectlve However, t imited to materials with exchangeable

mosﬂyclaﬂ%&l'.] ¥ EW]?W BN
qmmnmummmaﬂ
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2.9 Olefin Metathesis

2.9.1 Definition of Olefin Metathesis

Olefin metatheisis or olefin disproportionation™ is a reaction in which alkenes are
converted into new form products via the reformation C-C double bonds in the presence of

metal carbene. Each half of one olefin can become attached to either half of the other olefin.

(2.9)

Exchange of the group around-the-doub! nd in the olefins, resulting in several

outcomes: straight swappiilg of ' asdnolecules, closure of ring,
g &< il

. : ! v l‘ . .

formation of dienes from'eyel C-Of€Tins, and polymerization

.' I',‘
4

action parameters, different

types of mono-oleﬂdwcfrﬂa -In:ﬁ ﬂaﬁwzﬁaﬁrﬂwﬁ a suitable catalyst

resulting in a wide Vakiety of possible proc}ucts as shown i m Equations 2.10 to 2.13. In fact,

o ) Y PRV TR A G o

resulting in a' w1de variety of possible products. These substrates include acyclic alkenes,

of acyclic dienes. Depending on the starting olef'ns and the re

dienes, polyenes, cyclic alkenes and also functionally substituted alkenes, such as unsaturated

esters, nitriles, halogens etc.
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Acyclic olefins

2RCH=CHR' =~ RCH=CHR + R'CH=CHR/ (2.10)
(Rand R = alkyl or H)
Diolefins

(a) Intermolecular Reaction - Acyclic diene metathesis polymerization (ADME 7)

N CHy= CH(CHy)yCH =CH, —— // HZ)XCH-]J= + CHE=CH, (211)

(b) Intramolecular Reaction - Rije=eloss ng Prorws: m -

.
q

H,0==CH, (2.12)

Ring opening metathesis poly er

Cyclic Olefins : *
Lo !"'
)%

—

. ‘ =2\ I (2.13)

A
‘ Vl‘ .

[ U

(where O represents a hy(‘:o arbon chain wnh@ without a heteroatom)

ﬂﬂﬁl?ﬂﬂﬂiwmﬂﬁ

’QW'WMﬂﬁﬂJNWTWI&J'IﬁEJ



51

Metathesis reactions of acyclic mono-olefins can be classified into two groups: (1) a
self-metathesis of a single olefin, and (2) a cross-metathesis of double-bond isomers of two
different olefins. The self-metathesis reaction occurs between a pair of molecules of two
original unsymmetric olefins in order to produce a pair of symmetric olefins; for example,
R'CH=CHR’ produces R'CH=CHR' and R’*CH=CHR’. A simple example is the metathesis of
propene into ethylene and 2-butene. The forward reaction is often called self-metathesis,

while the reverse reaction, which is a reac veen two different alkene molecules, is

ndergld mtt‘@d intramolecular metathesis.

2ads to the production of high

called cross-metathesis.
Diolefins, such as a,
Intermolecular reaction, as sh
polymers, known as acycli ers. If the diolefin couples
undergo intramolecular to iquation 2.12, the process is
called ring-closure metathesi .‘ important tool for organic
synthesis and has been widel i i paration of carbocyclic and heterocyclic
intermediat_es. The reverse reacti

Ig opening cross-metathesis Equation

2.13 is an example of ring-opening-metathesis ization (ROMP). The reaction is

driven by the release of ;- train of EWing polymerization occurs

~
when the metal carbene caﬁst rea the ¢ ,r, ic olefin than those with a

C=C bond of the growin gym chain. All doible bonds fro fl ﬁmmer molecules are

pesmea o) ) & WLEI T WL
b“"*"’““ammmmumfmmaﬂ

highly unsaturated
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2.9.2  Olefin Metathesis Mechanism

The reaction mechanism proceeds via a metal carbene chain mechanism. The reactive
initial metal carbene M=CHR can be formed by the a reaction of the substrate alkene with the
transition metal center. The most accepted route to the first metal carbene include the

formation of m-complex between the reacting alkene and the transition metal, followed by a

1,2-hydrogen shift mechanism. The mi 3 Step | tal carbene is shown in Sheme 2. 1,

Sheme 2.1 Metal carbene forma

. A7 Y ) . .
The propagation Tefie Ar08ne as an active species with

- M
I J|

iF
he alkene coordmates at the vacant site and subsequently a

metallacyclobutanﬁ ﬂﬁ e'J wm W\H {'] ﬂn? new metal-carbene

complex and a new Slkene. For ¢ clic alkenes this mechamsm results in unsaturated polymer
P Y g poly

chains. Th@ﬁ%a&ﬂﬁhm N ﬁ’}'anﬂ ﬂqaa Bheme 22,1t

begins with f%rmatlon of a metallacyclobutane (I), from the carbene complex and one of the

a vacant coordination site ™

olefin reactants. Fragmentation of I gives a new carbene complex and a new olefin. When the
other olefin reactant is added, the new carbene complex forms another metallacyclobutane
(I1). Fragmentation of 11 finally gives an olefin which does not contain the carbene ligand of

the catalyst. This mechanism is continuously operated.
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M==CHR M —— CHR M==CHR
+ A~ -
R!CH==CHR? R!'CH— CHR? RCH == CHR?2
4y
M==CHR! M — CHR! M=—=CHR>

- 41l === +

R!CH==CHR*
Scheme 2.2  The Chavin meg

Consider, the megifini e g aining  catalyst which is
molybdenum oxide supportedfon 16xide or silica as an example.
The catalytically active meta ed to be formed by the 1,2-
hydrogen shift of the alkenyl and” generated a catalytically active
species. That can be expressed 2 etal carbene proceeded metathesis

reaction by the cycle as § é— '\:‘ |

i¥

HUH?ﬂHm3WH1ﬂS
PRIRAL mebnaa

Mo—-H




e
Cc=C
~c

Propagation

Mo=C

Scheme 2.3 Metathesis reacti

Metathesis reacti can

productive metathesis yieldihgs,

C=% |

'

Yo
A5
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thrae| different types:™* (1) the

new products(2) the degenerate or non-productive

metathesis, in whlﬂhu&l Q ml m;mﬂ’l fl‘im new products, and

(3) the cis-trans 1somerlsat|on

occurs simu sl ,

RiikioE ek Ml

eactlons occur.

his reactions

For example, considering the propylene metathesis mechanism of a mixture between C;Hq

and C;Dg, the reaction of C;Dg with the catalyst results in the metallocarbenes III and V.

M=CD2

111

M=CDCDs

v
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The addition of propylene to speices Il generates a metallacyclobutane, which will be
decomposed to either the degenerative or the productive metathesis, depending upon the
orientation of the propylene molecule. The illustration of the degenerative and productive
metathesis of propylene by M=CD, are shown in Scheme 2.4. The analogous reactions can

also be written for species IV.

Degenerative metathesis :

M =CD,
+
M=CD7 + C3H6
CH, = CHCH;
Productive metathesis :
M =CHCH;

M=CD, + CHy —

Scheme 2.4 The illustration of thedes snerat oductive metathesis of propylene

by M=CPz-
R

i |
|
2.9.3  Olefin Metatliegis Catalysts

ﬂumwmwmm
e B S T

matrix that can stand high temperature and pressure. Often the pre-catalyst is loaded on the

support and the active catalyst is generated by specific pre-treatment before metathesis
initiated. Technological innovations were concerned with enhanced surface activity,
identification of promoters and additives to improve conversions, recovery and regeneration

of catalysts.
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On the other hand, conventional homogeneous catalysts are extremely air and
moisture-sensitive. Actual catalytic species are prone to decomposition on the slightest
perturbation of original reaction parameters leading to inconsistent product yields. New
generation homogeneous catalysts which are structurally well-defined metal-alkylidene
complexes, are more tolerant of common organic functional groups. Some catalysts even
perform in water and air. The emphasis of current research is on the development of mild and

tolerant but highly efficient and selective

Homogeneous cat:; v USed N elysin polymerization reaction,
predominantly ring openin olymesie: on (ROMPYS® Access to pure structurally
plymers to a great extent and
reactions are normally carri - amb j_ uges. Excellent functional group

compatibility of some of the rec ctathesis reaction is useful in the

. . : T
synthetic organic chemistry. : -'5?' ‘

-
-

d futhenium. There are two

-
§ g ——

The current chep
iy

. B ri
well-known major classes :E f metathe are Widely used. A molybdenum

Schrock and a ruthenium darbene developed by Grubbs as shown in

carbene developed b
Figure 2.22. Both %uﬂ g m Hnncﬁﬂlnﬂgl rn] e been applied to a

A RTRITSEIP Anena s
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N
FiC I AR
Y| N
C(CH;),Ph Cl
F3c7( PCy;

F3C

(a)

Figure 2.22  Schro

Schrok’s catalyst ag n for use as the living

polymerization catalyst. Th of norbornene or other

cyclic alkenes. In fact, tun ¢ ROMP reaction, Ziegler-type
g p

catalyst prepared from WClg 1 in ROMP of cyclooctene,

producing polyoctenamer productf™ elastomer™ as illustrated in Scheme

2.5. The reaction can be carried o hexane at ambient temperature and

pressure.

v;; — il'

CI(,/EtAICIa

%ﬂﬁ‘ﬂﬂﬁﬁﬁﬂﬂﬁs
saenes N WA &ﬂﬁmﬂrldm NE0a Y
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2.9.3.2 Heterogeneous Catalysts

Heterogeneous catalysts seem more suitable for industrial applications, because they
are more favorable with respect to the separation of the catalysts from the reaction products
and to the regeneration in continuous process application. The heterogeneous metathesis

catalysts generally consist of a transition oxide (rhenium, molybdenum, or tungsten

oxide) supported on a high surfaceare: I, ’ @ch as alumina, silica or other inert

surfaces. These supported meialsoxide-catalysts aw formulated as Re,O+/support,

MoOs/support or WO/suppo ‘ Jsts are usually prepared by impregnation of the

and 550°C. The reactivity of the

support with an aqueous so ransition metal, then dried in

air at 110°C and calcined

reaction is enhanced by the ve metal derivatives, additives,

or promoters. Several parame these catalyst systems, such as

(i) the transition metal loading; 1) the calcination procedure or a

special activation procedure; (iv

(@) Rhenium-Based Metath » i

fa W
Rhenium-tﬁslduaeg mlEJLYr] ﬁhwe&l;lmgoxide dispersed over
oxide support, su q:a umipa or si 'cﬁ i i . WT s}.ih igh activity and
high selecﬁ%ﬁj ﬁijaﬂe§2 - (ﬁﬁile they are a.aoactive or the metathesis
of functionally substituted olefins when promoted with a tetraalkyltin or -lead compound.
A remarkable dependence of the rate of propylene metathesis over a Re;0,/A1,0;
catalyst on the percentage of rhenium was observed.’’ At the low rhenium content the

catalytic activity is extremely low, but the activity increases exponentially above a rhenium

loading of about 6%wt Re,0,, the highest activity is reached at 18%wt Re,O,. The catalytic
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activity is probably only limited by the maximum amount of rhenium oxide that can be
anchored on the alumina surface. The catalytic performance of Re,0,/Al,05 can be increased
by treating alumina first with an acid capable of reacting with the basic OH groups of
alumina. In the region of low rhenium loading, which is economically preferable. The catalyst
can be improved by (i) the incorporation of a third metal oxide such as V,0s5, MoO; or WO;;

(ii) the use of mixed support such as Si0,-ALO; or ALO5-B,05; (iii) the use of phosphate

alumina.’’

The catalytic activity of R the rhenium loading. A positive
correlation between the cata thedity of such system has been
observed, mainly the Brgnsted it O‘z catalyst can be explained
on the basis of the activity ‘ lave reacted with Lewis acid
sites and with the differen 0 onde 3roup dusing the preparation of the
catalyst. The most active sitesgri & oA on beg ReO,” ions and the most acidic
OH groups on the alumina s s Eonc | Re species. Such reactions are

- R
favoured only after the basic andfieu .mv 4 reacted to some extent.’

R
On the other hand, when 8165 i support, the catalytic activity
decreases as the ;*—_,"J; pes of hydroxy! groups

on atom Il bridging hydroxyl groups
attached to both a silicon and fhﬂlmum atom. Thefeac s with the bridging
hydroxyl groups wz@ M}J 21 ﬂﬁﬁﬁﬁlmgs would favour
the fomatna 51 a @ﬁ?mﬁm Wﬂ\ﬂrﬁﬁ&& has no

activity in in metathesis.’

on SiO,-ALOs: hydroxyl graups atta
ll

(b) Molybdenum-Based Metathesis Catalysts

The variations in catalytic performance of molybdenum catalyst are due to the mode
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of generation of molybdenum oxide from different precursor and different processing
parameters. A recent study pointed out the oxidation state of molybdenum active species for
metathesis of propylene. The formation of Mo*" monooxo active species on MoO5/SiO, were
formed by prereduction with CO under photoirradiation®®*> while Mo*" monooxo species on
MoOs/AlL,O; were generated by H, prereduction, resulting active metathesis catalyst. Whereas
some reports showed that Mo™* dioxo-species on Si0,, which produced by photo-reduction

with CO is also effective for metathesis.

Photoreduction of MoOs/ ' th Hg lamp in a CO atmosphere lead

mainly to Mo"". The resulting.sysie ctive' for # #sis of propylene. Treatment of

this system with cyclopropane rgsu / stlagp . specific activity. This strategy

is illustrated in Scheme 2.6.

N A

M

0O O

|
Si Si
/l\ /l\

X ﬂumwm%ﬁﬂmnm%
nw']mﬂmyﬁmmﬂw

/I\ /l\ /I\ /I\ /'\ /|\

Scheme 2.6 Generation of molydenum active species for metathesis reaction.
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For molybdena, the activity also depends on the type of support. Using of Al,O; or
TiO, as support, generating active catalysts while using of SiO,, ZrO,, Cr,0; or ZnO resulting

less active catalyst.

(¢) Tungsten-Based Metathesis Catalyst

Because of chemistry of tu olybdenum is identical, the observed
applications are similar in meta hesi wies of alumina-supported Mo- and
W-based catalyst with the o metathesis of propylene were
compared activity.”” The selec Stsiaries as a function of the metal
oxide at reaction temperat v 20ml/min. At 3% metal oxide
loading, both WO; and Mo Dt tio. When the metal loading

dimerization of ethylene occ n be also used in propylene

production via cross metathe and” butene. The required reaction

temperature is 330°C approxi iwm conversion.”

AULINENINYINg
ARIAATAUNNIING A Y
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