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ABSTRACT

Multifunctional Catalysts used in the Thermo-Catalytic Cracking of hydrocarbon
Feedstocks for the Production of Light Olefins

Nabil Al-Yassir
Concordia University, 2007

Light olefins such as ethylene and propylene, are considered the backbone of the
petrochemical industry. They are the precursors of numerous plastic materials, synthetic
fibers and rubbers. Commercially proven light olefin production technologies such as
Steam Cracking (SC), Fluid Catalytic Cracking (FCC), and Deep Catalytic Cracking
(DCC) are believed to have reached their full potential and cannot accommodate current
demands of the petrochemical industry. The market demand for ethylene and propylene is
projected to be about 140 and 90 million tons by year 2010, respectively. These current
technologies cannot respond sufficiently to the rapidly growing demand for propylene,
since propylene is only produced as a co-product of ethylene production. In addition, the
high-energy consumption and the high GHG emissions are major setbacks for SC, which
is regarded as the main light olefin technology. Thus, it is imperative that a new
alternative should be developed in order to improve the production of light olefins.
Thermo-Catalytic Cracking (TCC) has been recognized as a promising alternative route
for light olefins production. Although, this process is still in the development stage,
preliminary results show that the TCC offers several major advantages when compared to
conventional SC: higher combined yields of light olefins, and significant energy savings.

In this dissertation, the TCC activities, kinetic study, and structural-textural-

surface properties of different catalyst formulations, which have been investigated
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thoroughly for their potential use in the TCC process, will be discussed. We report on our
efforts to date to develop a suitable and an efficient catalyst that is characterized by high
activity, high selectivity to light olefins, and high stability. A particular formulation
studied was the hybrid catalyst configuration in which two components, microporous
(zeolite) and mesoporous co-catalyst (supported metal oxide (i.e. M0oQ3-CeQ,), were
firmly bound to each other within a clay binder, such that a “pore continuum” effect was
developed. Another version was the mesoporous supported bi-oxide catalyst, which is
based on M00Os-CeO, supported on high surface area-metal oxide. Explicitly, it was
found that supported bi-oxide catalysts are quite active, stable and selective to light
olefins in the Thermo-Catalytic Cracking of n-hexane, which was used as a model
molecule for petroleum light naphtha. Furthermore, it was observed that the physico-
chemical properties and subsequently the catalytic performance of these catalysts were
influenced by many factors. Yttria stabilized alumina aerogel, which was prepared via
sol-gel synthesis using super critical drying techniques, was considerably more effective
as a catalyst support. Our results showed unambiguously that yttria stabilized alumina
aerogel did not only possess a high surface area, but also was thermally and
hydrothermally stable. In addition, it demonstrated a high ability of inducing homogenous
distributions of impregnated metal oxides at high calcination temperature. The latter has
resulted in significant improvements in the dispersion degree of Mo, Ce and MoCe
species, and the retardation of sintering and sublimation of Mo species. More
significantly, it was found that the on-stream-long term stability and the selectivity to
light olefins over aromatics were increased upon the addition of CeO, into the supported

mono-oxide MoQOj catalyst.
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CHAPTER I

GENERAL INTRODUCTION



1.1. PREAMBLE

Light olefins and diolefins such as ethylene, propylene, butenes and butadienes
are considered the backbone of the petrochemical industry. They are the precursors of
numerous plastic materials, synthetic fibers and rubbers. The most prevalent technologies
for producing these precursors are Steam Cracking (SC) and recently Fluid Catalytic
Cracking (FCC) using ZSM-5 zeolite containing catalysts. Also significant, but far less
dominant are Deep Catalytic Cracking, Catalytic Dehydrogenation, Methanol to Olefins,
and Olefin Metathesis. Many other technologies have been studied and developed, but
none have yet reached commercial implementation: examples are Catalytic Cracking and
Oxidative Dehydrogenation. The market demand for ethylene and propylene in the year
2000 was 89 and 51 million metric tons (Mt), respectively. It is expected that the demand
for ethylene and propylene by the year 2010 will increase to about 140 and 90 million Mt,
respectively. However, with the current olefin technologies, it is becoming increasingly
difficult and costly to satisfy the market demands and meet the stringent environmental
regulations. Propylene is produced as a by-product of both SC and FCC, thus the strongly
increasing propylene demand cannot be satisfied by the current technologies. In addition,
the increasingly stringent environmental regulations requiring lower level of green house
gas emissions, and the high energy consumptions are imposing a great deal of pressure on
the olefin industry. The key olefin technologies are believed to have reached their full
potential and cannot accommodate current demands of the petrochemical industry, let
alone those of the future. Thus, it is imperative that we develop a new alternative to

improve the production of light olefins.



Thermo-Catalytic Cracking (TCC) has been recognized as a promising alternative
route for light olefins production and has been extensively studied since 1998. Although,
this process is still in the development stage, preliminary results show that the TCC offers
several major advantages when compared to conventional SC: higher combined yields of
ethylene and propylene, lower emission of green house gases, significant energy savings,
and capability of reducing the commercially low-valued heavy products (i.e. polynuclear
aromatics). The TCC process, which can selectively produce light olefins, combines the
effects of thermal and catalytic cracking reactions. Several catalyst formulations have
been investigated such as hybrid catalyst configuration in which two components,
microporous (zeolite type) and mesoporous co-catalyst (supported metal oxide), were
firmly bound to each other within a clay binder, such that a “pore continuum” effect was
developed. Another version of the catalyst is the mesoporous supported metal oxide
catalyst, which is based on molybdenum-cerium oxides supported on high surface area
and thermally-hydrothermally stable irreducible metal oxide.

Further improvements to the TCC are challenging and can be achieved by
properly balancing various aspects of the catalyst configuration and the reaction
parameters. However, the catalyst configuration remains the key factor that needs to be
carefully and thoroughly investigated. A deeper understanding of the origin of the
synergy between the different components within the catalyst structure, the influence of
the physical and chemical factors, and the role of thermal cracking are necessary to

provide significant improvements to the TCC.

1.2. Crude Oil

1.2.1. The Origin of Crude Oil



Crude oil is commonly referred to as petroleum, which is derived from the Latin
petra-rock and oleum—oil. It is also sometimes informally called black gold. It can be
defined as a naturally occurring brown to black flammable liquid that consist of a mixture
of hydrocarbons that exists in liquid phase in natural oil underground reservoirs and
remains liquid at atmospheric pressure after passing through surface separating facilities.
It is generally accepted that crude oils are derived from marine animals and plants debris
subjected to high temperature and pressure [1]. Scientists believed that the bodies of dead
prehistoric sea animals and plants became trapped and covered by layers of sediments.
Clearly, this process happened before they had time to decay in the air. After millions of
years (approximately 300 million years), presence of anaerobic bacterial, heat and
pressure changed or transformed them into crude oil and natural gas [2]. It is also agreed
that the transformation may have been catalyzed by rock constituents.

1.2.2. The Chemical Composition of Crude Oil

Crude oil is a very complex mixture that consists of the following compounds;
hydrocarbon compounds (mainly made of carbon and hydrogen), non-hydrocarbon
compounds (Sulfur, nitrogen and oxygen compounds), and organometallic compounds
and inorganic salts (Na, Mg, Ca, Ni and V). On average, crude oils are made of the
following elements or compounds: carbon 84 %, hydrogen 14 %, sulphur 1-7 %, nitrogen
< 1.0 %, Oxygen < 1.0 %, Metals < 1.0 % and salts < 1.0 % [1].

1.2.3. Processing of Crude Qil

As previously mentioned that the crude oils are a complex mixture of different

types of hydrocarbons. These hydrocarbons must be separated in order to make crude oils

more usable. The process is known as petroleum refining. In petroleum refining, crude



oils will undergo several processes including Physical Separation and Chemical

Conversions. Fig.1.1 shows a schematic representation of petroleum refining process.

Physical Separation Chemical Conversion
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Fig.1.1: Schematic representation of Petroleum Refining [3]
Physical separation by Fractional Distillation
This separation technique is based on the fact that crude oil is a complex mixture
of different hydrocarbon classes that have different boiling points. Basically, crude oil
will be heated at T = 600 °C and then the vapours will enter the distillation column. The
column is hot at the bottom and cold at the top, so the vapour cools as they rise. Vapours

condense onto a fractionation trays (30-50 trays) when they reach the part of the column,



which is cooler than their boiling point. The bubble caps help to slow down the vapours
as they rise through the column. This separation, which is performed under atmospheric
pressure, is called Atmospheric Fractional Distillation. However, heavier petroleum
feedstocks are separated by Vacuum Fractional Distillation, which is performed under
vacuum in the presence of superheated steam. The key point is to lower the pressure, so
the boiling points will be lowered as well. This would mean that the heavy feedstocks can
be further separated without heating them and risking breaking them apart. The typical
feedstock would be heavy residue from the distillation column and the product obtained
will be vacuum gas oil, lubricating oil and asphalt. Table 1.1 shows the approximate

boiling points and carbon chain length for various crude oil fractions.



Table 1.1: The boiling points and carbon chain length for various crude oil fractions

[1]
Petroleum Carbon Boiling
Crude Oil Fractions  Chain Range Uses
Products 0
Length O
. Cooking and industrial gas,
L1queﬁ;cii:troleum Ammonia, Alcohol, Motor fuel
Hydrocarbon Chemical Industey oil (LPG), Paint, Resins
G emical Indu
ases Feedstocks 1-4 <5 Rubber products
Carbon Black Prmtmg.mks and rubber
industry
. Olefins, solvents and chemical
Light Naphtha 5-9 35-90 industry solvents
Intermediate Naphtha 5-10 20-200 Aviation and motor gasoline
Light Kerosene (i.e. commercial and
Distillates Heavy Naphtha 10-16 80-200 military jet fuels, and tractor
fuels)
Gas oil 14-20 260-340 Diesel, Heating, and cracking
stock
. . Textile oils, and white oil-food
Technical oils .
industry
. . Motor and engine oils,
Dfsl;zlll‘;)t,es Lubricating oils 20-70 u33v(2)1; d Lubricating grease
P Rubber industry, Food and
Paraffin Wax paper industry, Candle and
matches
Petrolatum Petroleum jelly, cqsmetlcs and
cable coatings
Boiler and process fuel oils (i.e.
Residual Fuel oil N factories, central heating) as
. on_
Residue >70 distillable well as
Paving asphalts, roofing
materials, insulating and
Asphalts foundation protections, and
waterproof paper products
Electrodes and fuels
Coke .
Sulohonat Emulsifiers
Refinery by- 4 phonate Synthetic fertilizer and
H,SO, .
Products chemicals
Sulphur .
Chemicals
Hydrogen

Hydrocarbon reformation




Chemical Conversions

This is the next step that occurs in petroleum refining after the atmospheric or
vacuum fractional distillation. Clearly, in the chemical conversion there will be a change
in the chemical composition, unlike the physical separation. Chemical conversions in
petroleum refining are generally used to;

1. Reduce the harmful impurities in petroleum fractions and residues to control
pollution and to avoid poisoning the processing catalysts. For instance,
demetallization (removeal of metals such as Ni or V), desulfurization (removal of
sulphur), and denitrogenation (removal of nitrogen).

2. Upgrade lower-value materials into more valuable products. For instance Steam
Cracking and Fluid Catalytic Cracking are used to convert the gas oils into
petrochemicals and transportation fuels.

3. Improve the characteristics of fuels. Catalytic reforming and isomerization to

convert lower-octane naphtha fractions into higher-octane products.

1.3. Catalytic and non-Catalytic Petroleum Processes

Certainly, there are numerous catalytic (i.e. reforming, alkylation, catalytic
cracking, etc.) and non-catalytic (steam, thermal, coking, viscosity-breaking, etc...)
petroleum chemical conversion processes. However, for the sake of this thesis and its
main objective (i.e. production of light olefins) we will limit our discussion to the most
important processes; steam cracking (non-catalytic), and catalytic cracking.
1.3.1. Thermal (steam) Cracking (SC)

This process is regarded as a non-catalytic thermal cracking process. It is the most

prevalent technology for the production of light olefins, with a worldwide production of



more than 150 million MT of ethylene and propylene annually [4]. It is performed in the
presence of steam at high temperature. The main reasons for using steam is to lower the
hydrocarbon partial pressure, and to help partially remove the coke formed during the
pyrolysis of hydrocarbons (C + H;O — CO + Hy) [5]. The feedstocks for SC units ranges
from light paraffinic hydrocarbons (i.e. ethane and propane, obtained mainly from
various natural gas sources) to various petroleum fractions and residue (i.e. naphtha or
gas oil) [5]. SC produces primarily ethylene and propylene, secondarily, depending on the
type of feedstock, a Cy4 fraction rich in butadiene and a Cs" fraction with a high content of
aromatics, and finally hydrogen. The SC reaction is highly endothermic, with reaction
temperature ranges from 700 to 900°C, and higher according to the type of feedstocks
treated, while the residence time ranges from a few seconds to a fraction of a second [5].
The yields of SC products can be increased by increasing the reaction cracking severity
(i.e. increasing the reaction temperature and reducing the residence time). However these
severe conditions are constrained by several factors such as the metallurgy of the
cracking tubes and rapid coking tendency in the cracking coils. In addition, this will also
raise the issue of energy cost and environmental concern. The reaction mechanism, which
proceeds through the formation of free radicals, is a chain reaction that entails initiation
(formation of radical), propagation, and termination (annilation of free radicals). Scheme

1.1 shows the reaction mechanism of steam cracking, illustrated with ethane [5];



Initiation |CH.CH P> 2 CH,e
3LH3 3

CHy » + CH,CH, —3» CH, + CHyCH, ¢
Propagation CH3CH2 ° > CH2=CH2 +H e
CH3CH2 o+ CH2=CH2 > CH3CH2CH2CH2 L
CH3 o+ CH3CH2 o » CH3CH2CH3
Termination
CH3CH2 o+ CH3CH2. » CH2=CH2 + CH3 CHQ

Scheme 1.1: Steam cracking. Reaction mechanism

1.3.2. Catalytic Cracking

Catalytic cracking operates at moderate temperature in the presence of a catalyst.
It is a remarkably versatile and flexible process, with principal aim to crack lower-value
stocks and produce higher-value light and middle distillates. It also produces light
hydrocarbon gases, which are important feedstocks for petrochemicals [1]. Catalytic
cracking utilizes a wide range of solid catalysts, but mainly zeolite. The Y zeolite is the
main zeolitic component in cracking catalysts. it can be incorporated in industrial
catalysts in various form; REHY (partially rare earth-exchanged HY), REY (rare earth-
exchanged Y), HUSY (H form of ultra stable Y zeolite) and REHUSY (rare earth-
exchanged H form USY) [6]. Fluid Catalytic Cracking (FCC) is the most common
example of catalytic cracking. Other catalytic cracking processes include the
hydrocracking and Deep Catalytic Cracking (DCC) [1,4,6]. FCC can be considered as the
main process for large-scale gasoline production with high octane number even 60 years

after its introduction [7]. In addition to transportation fuels, light olefins are produced
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only as secondary products. The reaction is endothermic, with temperatures ranging from
450 to 560 °C. An interesting feature of this process is the use of fluidized bed
technology in order to provide an instantaneous regeneration of zeolite, which normally
undergoes a significant deactivation. This deactivation results from the formation of
carbonaceous deposits (coke) that are formed during the hydrocarbon reactions.
1.3.2.1. Catalytic Cracking Reaction Mechanism

Catalytic cracking is a heterogencously acid catalyzed reaction, which is
composed of purely chemical reactions. In order for catalytic cracking reactions to take
place, the reactants should be transported to the catalyst surface. Thus, apart from the
actual chemical reaction (via carbocations (carbenium or carbonium) [6,8-10]), diffusion
(configurational, Knudsen, or molecular), adsorption, and desorption are of great

importance for the progress of the overall reaction [11,12] (scheme 1.2.).

Catalytic Active Sites

Scheme 1.2: Individual steps of catalytic cracking reactions
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They are; 1) external diffusion of reactants from the bulk phase to catalyst surface, 2)
internal diffusion of the reactants into the pores, 3) adsorption of the reactants on the
active sites, 4) chemical reactions on these active sites, 5) desorption of the products from
the active sites, 6) internal counter-diffusion of the products from the pores, and 7)

external-counter-diffusion of the products from the catalyst surface into the bulk phase.

Step 4 represents the key step in catalytic cracking. Cracking of hydrocarbons
over acidic catalysts (i.e. zeolites, amorphous silica-alumina, metal oxide, etc..) is
generally accepted to take place by a chain carbocation-type reaction mechanism, which
involves C-C bond rupture. From the point of view of the mechanism, the acid sites (i.e.
Bronsted and Lewis) are believed to be the catalytic active sites. The chain catalytic
reaction proceeds through three steps, the initiation (formation of carbocation),
propagation, and termination (desorption of product and restoration of active sites).

Initiation step involves the formation of carbenium and/or carbonium-like
intermediates, through the interaction of adsorbed hydrocarbon with the active sites.
However, there is still some controversy involving the initiation step and the nature of the
acid sites. Several possibilities have been suggested and are widely accepted in the
literature.

1- Tung et al [13] and others [14,15] have suggested that a carbenium ion can be formed
via the abstraction of a hydride by a Lewis sites.

R;—~CH,-CH,-R; (paraffin) + L" (Lewis Sites) 5 R;-CH,-CH"-R, + HL

2- Greensfelder et al [16] and others [17-20] have suggested that carbenium ions can be
formed, as well, via abstraction of a hydride ion by a strong Bronsted sites.

R;~CH,-CH,-R; (paraffin) + HZ (Brinsted Sites) S R;-CH,-CH'-R;
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3- It has been also suggested that the initial carbenium ion can be formed via the
protonation of olefinic species, which are present in the feed as either impurities or
formed by thermal cracking (thermal cracking should be kinetically favoured, T = 500
°C). [9,21].

R;—~CH=CH;-R; (olefin) + HZ (Brinsted Sites) 5 R;-CH,-CH'-R; + Z’

4- It was also suggested that the paraffin cracking could start from a carbonium ion
transition state. This was proposed by Haag and Dessau [22] in 1984, and since then
gained a lot of recognition in the literature [10]. They proposed that a C-C bond could be
protonated by Bronsted acid sites forming a pentacoordinated carbonium ion. The
carbonium ion can then split to produce a smaller paraffin and a carbenium ion. As an
alternate path, the carbonium ions may convert into a carbenium ion by the loss of a

hydrogen molecule.

R;—CH,-CH,-R; (paraffin) + HZ (Bronsted Sites) 5 R;-CH,-CH;'-Ry + Z

a

R;-CH,-CH'-R, + H,

R;" + CH;-CH,-R,

Subsequently, the following could happen to the carbenium ions formed.

a) The carbenium ions formed by any of the above mentioned mechanisms may desorb as
an olefins and restore the active Bronsted sites [8]. If the source of the carbenium ion is
the pentacoordinate carbonium ion, then this is the Haag-Dessau cracking mechanism,

also known as the protolytic cracking, monomolecular cracking and carbonium ion
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cracking mechanisms. This reaction is highly favoured at high temperature, low
conversion and low hydrocarbon partial pressure and by zeolites with high constraint
indexes (i.e. ZSM-5) [10, 23 and reference therein].

b) It is possible that the carbenium ion undergoes a P-—scission cracking (C-C bond
cleavage in the P—position to the atom carrying the positive charge), leading to the
formation of a smaller olefin and a smaller carbenium ion [23].

¢) It is possible that this carbenium ion, which is still adsorbed on the active sites, may
initiate several types of reactions such as hydrogen transfer (HT), isomerization,
aromatization, cyclization, polymerization, etc [9 and reference therein].

i) The adsorbed carbenium ion may interact with a neutral paraffin molecule via
hydride transfer, leading to the formation of a new carbenium ion, which in turn
undergoes a P-scission cracking. This is called a bimolecular reaction, and it is highly
favourable at low temperature, high hydrocarbon partial pressure, and by zeolite with low

constraint indexes and high acid density (i.e. HY).

H-Transfer
R;-CH,-CH'-R; (carbenium ion) + R;-CH;-CH,-Ry (paraffin) ’

R;-CH,-CH,-R; (paraffin) + R;-CH,-CH -Ry
(carbenium ion)

B-Scission

R;" (carbenium ion) + CH,=CH-R, (olefin)
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it) The adsorbed carbenium ion may isomerise via hydride (H") shift (charge
isomerization) or methyl (-CHj3) shift (skeletal isomerization) into more stable carbenium
jons (i.e. 3° (tertiary) > 2% > 1° (primary)). The reaction mechanism of the skeletal
isomerization is widely accepted to involve the intermediate formation of protonated
cyclopropyl ions (PCP) [8 and reference therein]. The isomerized carbenium ion may

desorb as branched olefin and restore the active sites.

CH, CHj

H- shift .
CH;——CH—C'H—CH,—CH; ———» CH,——C"——CH,—CH,—CH,

CH,

. -CH; shift .
CH3_CH2—CH2_CH2_C H_CH3 e CH3_CH2—CH2—C —CH3

iii) The adsorbed carbenium ion may undergo an aromatisation reaction. This can
occur via the dehydrocyclization reaction of paraffin, as long as the formed olefinic

species has a configuration that is conductive to cyclization [1].
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Lewis (L) Sites
———_'>.
H-abstraction

Cychzatlon
+ CH3CH CH, —> + CH;C"HCH;
-abstraction

L site

RCH,CH,CH,CH,CH=CH, RC*HCH,CH,CH,CH=CH,

L 31tes H-abstractlon

d
«

Olefin L sites / I CH;-CH=CH,

H abstractlon

Another alternative path to aromatization is the hydrogen transfer reaction [23,24]. The
adsorbed carbenium ion on the active site may interact with a saturated molecule in the
gas phase (i.e. naphthalene), thereby extracting a hydride from it and escaping in the gas

phase.

3C,H;, (olefin) + C,H,,, (naphthenes) - C,Hj,.; (paraffin) + C,H,,, ¢ (aromatics)

1.4. Light Olefins

1.4.1. Overview of the Industrial Significance of Light Olefins

The importance of light olefins industry stems from the great demands for
polyolefins mainly polyethylene and polypropylene. Fig.1.2 represents the main end uses

of ethylene [24] and propylene (1970 and 2004) [25]. The share of polyolefins of the total
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polymer market increased from 30 % to 60 % since 1970 [26]. The best forecast suggests
that this demand will continue to grow, due to the constant growing demands from
developing countries such as China and India, and the fact that there are only few

materials that can match the versatility and economy of these polyolefins [26 and

references therein]. Polypropylene
Ethylene Oxide 64%
12%

alpha-Olefins
9%

Ethylene dichioride
18% Ethylbenzene
6%

A Miscellaneous

2%
Miscellaneous
6%
Acrylic Acids
3%
Oxo a:cohol Acrylonitrile
% 10%
Cumene .
Polyethylene 3% Propylene Oxide
53% 7%

2004
Ethylene (USA in 2003)

Polypropylene
Miscellaneous 17%

21%

Acrylonitrile
1%

Isopropanol
18%

Propylene Oxide
13%

Oxo alcohol Cumene
1% 9%

1970
Propylene (worldwide)

Fig.1.2: The main end uses of ethylene and propylene [25,27]
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1.4.2. Main Industrial Technologies for Light Olefin Production

At the outset, light olefins were produced industrially by several chemical
processes other than the pyrolysis of petroleum fractions. For instance, ethylene was
produced by the dehydration of ethyl alcohol or by partial hydrogenation of acetylene [5].
However, as the demand for light olefins grew producers tuned into petroleum feedstocks
as a vital source for light olefins. As previously mentioned, steam cracking and Fluid
Catalytic Cracking are among the most important processes that exploit natural gas and
petroleum fractions (i.e. light gases, naphtha, gas oil) for the production of light olefins.
These processes are fully developed and commercialized. Below is an overview of the

most important processes as presented in scheme 1.3.
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Scheme 1.3: The main important current sources of light olefins
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1.4.3. Roadblocks in the Light Olefins Industry

One of the main significant obstacles facing the light olefin industry is the rapid
growth in the demand for propylene. Fig. 1.3 [25] shows the high propylene demands in
the world since 1990s where Asia (i.e. China and India) is going to be the dominant
region with respect to propylene demand in the near future. Propylene is viewed by many
as a by-product or at best co-product of ethylene production in SC. About 68 % of world
propylene is produced as a co-product to ethylene by the SC and about 29 %, is produced
as a co-product to gasoline in the FCC of gas oils. The remaining 3 % is produced via
other processes [28]. The yields of propylene capable of being produced via SC process
are always going to be fixed with some limited flexibility [25]. Therefore, as the
propylene growth rate increases, this will cause a great deal of pressure on conventional

olefin technologies (i.e. particularly SC).
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Fig.1.3: Regional propylene demands [25]

Another significant obstacle is the energy consumption. The current SC process
uses as much as 40 % of the energy consumed by the entire petrochemical industry [29],
due to high operating temperature (i.e. T = 780-1000°C). Furthermore, the new stringent

environmental regulations requiring low emissions of green house gases (GHG) such as
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CH4 and CO; produced during the run-regeneration cycle continue to put a strain on
conventional technologies. The total GHG emissions in Canada for 2003 were estimated
to be 740 Mt CO; eq (megatonnes of CO; equivalent). CO, emissions contributed the
largest share of 2003 emissions at 79 %, while CHy4 accounted for 13 % [30]. The
petroleum industry as a whole contributed about 19 % of Canada’s GHG emissions.
1.4.4. Paving the Way

The imminent difficulties facing the light olefins industry have inspired
researchers around the world to improve the existing conventional technologies or
develop innovative technologies. For instance,
I) Steam Cracking: This process is fully developed and appears to have reached its full
potentials in which improvements in yield and product selectivity are becoming quite
difficult. Most of the improvements were only limited to furnace and pyrolysis tube
designs. In one report [31] it was shown that the formation of carbonaceous deposits was
lowered using silicon carbide as the construction material for the cracking furnace.
However, these improvements will only be addressing the environmental concerns and to
some extent the high operating costs, leaving out the problems with propylene
production.
IT) Fluid Catalytic Cracking: Although, this process is one of the core processes of
petroleum refining, its capability to meet today’s light olefin and especially propylene
market demands are quite difficult. Several approaches have been taken in order to
improve the yield of propylene from FCC units. In one approach, a new specialized
catalyst additive (i.e. modified ZSM-5) was added along with the conventional FCC

catalysts [24]. The incorporation of ZSM-5 has significantly increased the ratio of
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protolytic (monomolecular) cracking to B-scission (bimolecular) cracking. Thus, the
hydrogen transfer reaction and coke formation decreased, while the yield of light olefins
(propylene) increased. However this increase in the propylene yield came at the price of
decreased gasoline production and was not enough to satisfy the propylene demands. In
another approach, researchers at the Research Institute of Petroleum Processing and
Sinopec International in China developed a new catalytic cracking process called Deep
Catalytic Cracking (DCC) for the production of propylene and amylenes (i.e. currently
there are several commercial plants running in both China and Thailand with a capacity
of 1.5 million Mt) [4,24]. This process operates with the same principles as FCC. The
reactor and regenerator are similar to FCC. However, innovation in both catalyst
development and severity of conditions enables DCC to produce more olefins than FCC.
The operating conditions are more severe than those in conventional FCC but less severe
than in steam cracking. Although, this process shows a significant improvement in olefin
production [24], the type of catalyst (i.e. ZSM-5) and the severity of the operating
conditions (i.e. high temperature) raise an important issue. Zeolites such as ZSM-5 are
quite active with a very high initial conversion, however they undergo a very rapid
catalytic deactivation. This fast deactivation can be eliminated by using the fluidized bed
technology, however degradation of the ZSM-5 structure is expected to occur over
several run-regeneration cycles, which will significantly hinder its long-term stability.

IITI) Other Significant Approaches: There have been several additional investigated
approaches to maximize propylene yields with lower energy and resource savings.
Catalytic Cracking was recently investigated in Japan by AIST (Advanced Industrial

Science and Technology). This catalytic cracking process uses La-modified ZSM-5 as

21



catalyst. It was reported [29] that cracking light naphtha at 650°C resulted in an overall
combined yield of ethylene and propylene of about 60 wt.% with significant savings in
production costs. Another approach was Oxidative Dehydrogenation to overcome the
thermodynamic limitations of the conventional Catalytic Dehydrogenation. In this
approach, propylene is obtained by oxidative dehydrogenation of propane in the presence
of oxygen or air at very low temperature (about 350°C) using supported transition metal
oxides as catalyst [32]. Olefin Metathesis was also developed to provide an opportunity
to achieve olefins interchangeably [33]. In this process propylene can be obtained by
combining ethylene and butylenes from a naphtha SC unit.
1.4.5. Thermo-Catalytic Cracking (TCC) - Groundbreaking Olefin Technology

The beginning of Thermo-Catalytic Cracking processes dates to almost twenty
years ago. In 1988 a process aimed at upgrading the products of propane steam cracking
was successfully developed [24]. It was based on the integration of a small catalytic
reactor containing modified ZSM-5 at the outlet of a propane steam cracking unit. The
results showed an increase in the ethylene, butene and aromatic yields. Ten years later, a
process analogous to the one developed in 1988 was introduced [35,36]. This process was
called Selective Deep Catalytic Cracking (later on upgraded to Thermo-Catalytic
Cracking) of petroleum feedstocks for the production of light olefins. The TCC process
combines two distinctive cracking processes; steam and catalytic cracking. Several
catalyst configurations have been tested since then, and include: modified ZSM-5
[35,36], silicalite [37,38], and hybrid catalysts containing microporous zeolitic
components and mesoporous supported chromium or molybdenum co-catalyst [36-38], as

well as purely mesoporous supported mixed oxides [38-45].
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There are two process versions of the TCC: one-zone and multi-zone reactors. In a one-
zone reactor version, the catalysts have to work under steam atmosphere and at a quite
high temperature. The other version is the multi-zone reactor configuration, which
consists of a precatalylitic zone (quartz beads) and a catalyst bed (catalyst extrudates)

(scheme 1.4).
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Scheme 1.4: Schematic representation of TCC multi-zone reactor configuration
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1.5. OUTLINE

This section outlines the format of this manuscript-based thesis.
Chapter I

This chapter provided a general introduction to light olefins and the most
important catalytic and non-catalytic reaction mechanisms in petroleum conversion, as
well as any necessary background information that is required to read this thesis. In
particular, we presented an overview of the industrial significance of light olefin and their
commercially proven production technologies. In addition, we have discussed in detail
the challenges facing the light olefins production technologies, and what has been done
so far to tackle these challenges. The important features of the Thermo-Catalytic
Cracking (TCC) process were also presented.
Chapter 11

This chapter presents the synthesis, textural properties, and the Thermo-Catalytic
Cracking (formerly known as Selective Deep Catalytic Cracking (SDCC)) activities of
the hybrid catalyst configuration. This configuration consists of two components bound
firmly to each other within a clay binder; microporous (zeolite type) and mesoporous co-
catalyst (supported metal oxide). The microporous zeolite component was an acidified
silica-rich ZSM-5 (H-silicalite), and the mesopoprous was an amorphous silica-alumina
doped with molybdenum and cerium oxides. When compared to a mechanical mixture of
extrudates made of H-silicalite and silica-alumina based cocatalyst, respectively, the
hybrid catalyst gives faster adsorption of nitrogen and desorption of preadsorbed
nitrogen. On the other hand, a much higher conversion of n-hexane (cracking) was

obtained with the hybrid catalyst while the product selectivities are almost the same for
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all the cases. Such behaviour is ascribed to the kinetic effect of the “pore continuum”
being formed in the hybrid catalyst pore system, which has as a consequence to speeding
up the diffusion of reactant molecules and that of reaction products into, and out of,
zeolite micropores.
Chapter 111

This chapter presents the synthesis, textural-structural-surface properties, and the
Thermo-Catalytic Cracking activities of another catalyst configuration. It is the silica-
alumina supported mono- and bi-oxide M0O3-CeO, based catalysts. The influence of
metal loadings, preparation method (i.e. co-impregnation versus sequential and reverse
sequential impregnation), calcinations temperature, and the nature of catalyst support
were examined. The textural-structural-surface properties were examined via different
characterization techniques such as BET surface area, X-ray diffraction, and Laser
Raman spectroscopy. The catalytic performance was evaluated in the TCC of n-hexane,
which was used as a model molecule for petroleum naphtha. The loadings and the
chemical states of metal oxides incorporated separately had significant effects on the
catalytic activities of the resulting mono-oxide MoO; or CeO, catalysts. Addition of
cerium to molybdenum had a favourable effect on the production of light olefins in the
TCC of n-hexane up to a certain level of cerium loading. The catalytic performance of the
bi-oxide catalysts also depended significantly on the incorporation methods. It was found
that the co-impregnation of MoO3 and CeQ,, which led to the highest production of light
olefins, was more effective than the sequential or reverse sequential impregnation.
However, the most prominent observations were the fast segregation of active and

promoter species (i.e. formation of large bulk crystallites), and the subsequent negative
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impact on the catalytic performance (i.e. lower conversion, high selectivity to aromatics
and thus low catalytic on-stream-long term stability). These results were a clear
representation of the strong influence of the catalyst support on the physic-chemical-
catalytic properties.
Chapter IV

Ideally, an appropriate support should be able to improve the dispersion of active
and promoter species, promote effective metal-support interactions, and retain the unique
properties of the impregnated metals (i.e. surface acid-base, redox properties, etc.). In
addition, the support should possess high surface area and mechanical strength as well as
be thermally and hydrothermally stable. In our previous work (N. Al-Yassir and R. Le
Van Mao, Appl. Catal. 305 (2006) 130, (Chapter III)), we have found that the physico-
chemical properties and subsequently the catalytic activities of the bi-oxide MoQ3-CeO,
configuration were significantly reduced upon using the amorphous silica-alumina (SiO,
= 86.0 wt.%, and Al,O3 = 14.0 wt.%) as a support. This was mainly attributed to the
weak ability of silica-alumina to promote a high surface dispersion of impregnated
metals, due to the low concentration of surface hydroxyl groups and low isoelectric point
(IEP). Therefore, our attention was diverted into another catalyst support. Conventional
transition alumina, which is by far the most widely used catalyst support in petroleum,
chemical and pollution control processes, was considered as an interesting support for the
TCC mesoporous mixed oxide catalyst. However, its poor thermal stability hindered its
effectiveness as a catalyst support for the TCC process. In order to overcome this
significant setback, alumina aerogel doped with yttrium oxide was prepared via sol-gel

synthesis route using the supercritical drying technique. We have addressed the influence
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of the chemical (sol-gel) and physical (drying) processing technique on the pore structure
and on crystalline structure transformation in alumina. In addition, we have proposed a
new explanation that accounts for the delay in the alumina rate of sintering and phase
transitions. The results were presented in comparison with conventional alumina, which
was obtained by the thermal dehydration of boehmite.
Chapter V

The hydrothermal stability is another important characteristic of catalyst support.
Steam is co-fed in the TCC process along with hydrocarbons in order to lower the partial
pressure of hydrocarbons (i.e. minimize the condensation-side reaction rate), and partially
removed carbonaceous (coke) deposit). However, steam could have a negative impact on
the catalyst, particularly the alumina-based support. This is attributed to the fact that
surface area loss, and phase transition of alumina, are greatly facilitated by the presence
of steam. We have shown in our previous work (N. Al-Yassir and R. Le Van Mao, Appl.
Catal. 317 (2007) 275, (Chapter 1V)) that yttria doped alumina aerogel prepared via sol-
gel method using the supercritical drying technique is quite thermally stable. The current
work presents results concerning the hydrothermal stability of yttria doped alumina
aerogel, The influence of atmospheric steam at 750 and 1000 °C on the rate of sintering
of yttria doped alumina aecrogel with various yttria contents was investigated. Several
techniques were used to characterize the solid samples such as BET N, adsorption
measurements, X-ray diffraction, thermogravimetric analysis, FTIR of adsorbed pyridine,
and 'H and ?’A1 MAS NMR. It was found that the hydrothermal stability of yttria doped
alumina aerogel was greatly improved compared to alumina aerogel and conventional

alumina. These significant improvements were attributed to the combined effect of the
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sol-gel method and the presence of yttrium ions. Yttria doped alumina aerogel with
various yttria loadings - when compared to undoped alumina aerogel - exhibited lower
concentrations of surface -OH groups, higher amounts of bridged -OH groups and lower
degrees of crystallinity with smaller particle sizes. This chapter also reports the thermal
and hydrothermal stability of yttria impregnated alumina (conventional and aerogel).
Comparison between yttria impregnated alumina and yttria doped alumina revealed that
incorporating yttria directly into the alumina aerogel structure is more effective than
impregnating it onto the surface.
Chapter VI

It is well known that the physico-chemical, and consequently the catalytic
properties of supported metal oxides catalysts, are influenced by many factors, however
the nature of the catalyst support is one of the most important. Its role on the catalytic
performance of supported catalysts depends greatly on the degree of interactions between
the support and incorporated metals. In this chapter, we report another interesting
property of yttria doped alumina aerogel besides its high thermal and hydrothermal
stability (N. Al-Yassir and R. Le Van Mao, Appl. Catal. 317 (2007) 275, (Chapter IV), N.
Al-Yassir and R. Le Van Mao, Canadian Journal of Chemistry (2007) in press, (Chapter
V). It was found that yttria doped alumina aerogels with various yttria loadings (2.0-20.0
wt.%) were highly effective in homogenously dispersing the active species, thus
minimizing the formation of bulk crystallites. The supported catalysts were characterized
by N, adsorption, X-ray diffraction, laser Raman, and thermogravimetric analysis. In
addition, "H MAS NMR and iso-electric point techniques were used exclusively to

characterize the various catalyst supports. It was explicitly found that yttria doped
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alumina aerogel is far more capable of homogenously dispersing the active molybdenum
species and significantly retarding their sintering at quite high calcination temperature
than conventional alumina and alumina aerogel. This can be attributed to the
incorporation of yttria into alumina aerogel network, which led to a change in the support
surface charge (IEP) and subsequently the stability of surface molybdate species. The
dispersion degree of ceria (substituted ceria) on supported mono-oxide CeO, was
improved as well, upon using yttria doped alumina aerogel. In the bi-oxide MoQ3;-CeO,,
characterization results have indicated the presence of surface interaction between Mo
and Ce, probably through the formation of surface “Mo-O-Ce” type phase between the
dispersed ceria and the molybdate monolayer.
Chapter VII

This chapter represents the most important part of the thesis, since it correlates the
Thermo-Catalytic Cracking activities and kinetic study of the supported mono- and bi-
oxide M00O3-CeQ,, with the previously investigated physico-chemical properties (Chapter
IV, V, and VI). The Thermo-Catalytic Cracking Performance and kinetic study of n-
hexane over supported mono- and bi-oxide MoOs-CeO; has been investigated in order to
determine the catalytic roles of surface acidity and other physico-chemical properties. It
was found that the surface acidity was significantly influenced by the nature of the
catalyst support, and the nature and loading of metal oxides. Supported mono-oxide CeO,
catalysts displayed only Lewis type-sites, whereas the surface acidity of supported mono-
oxide MoOs catalysts was characterized by the presence of Bronsted and largely Lewis
sites. The Bronsted sites of yttria doped alumina aerogel supported Mo catalysts were

found to exist in lower concentration and were less acidic, when compared to those
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supported on conventional alumina or undoped alumina aerogel. Addition of CeO; to the
supported MoOs catalysts led to a decrease in the density of Bronsted acid sites most
likely due to neutralization effects, whereas Lewis acid sites appeared to be only slightly
altered. The Thermo-Catalytic Cracking activities suggested that supported mono-oxide
MoOs3 and bi-oxide M00O;-CeO; catalysts are more catalytically active than supported
CeO,. It was noted that the total conversion, which increased as the MoQOj; loadings
increased up to 12.0 wt.%, was mainly attributed to the presence of Bronsted acid sites.
The selectivity for aromatics also increased at the expense of light olefins. The extent of
that increase was much higher upon using yttria doped alumina aerogel instead of
undoped alumina aerogel as a support. Addition of CeO; to the yttria doped alumina
aerogel supported MoO; resulted in the decrease of the total conversion and the
selectivity to aromatics. This was mainly related to the decrease in the total acid density,
thus reducing the extent of hydrogen transfer and aromatization reactions.

Chapter VIII

Brief conclusions of the work presented in this thesis are given as well some
suggestions for short- and long-term future work. In addition, the current and anticipated
significance of this thesis are presented.

At the end of each chapter, linking texts will be provided summarizing the key points

required for proceeding onto the next chapters
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Chapter 11

Experimental Evidence for the pore Continuum in
Hybrid Catalysts used in the Selective Deep Catalytic
Cracking of n-Hexane and petroleum Naphthas
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ABSTRACT

The hybrid catalyst investigated in this work comprises an acidified silica-rich
ZSM-5 zeolite, the microporous H-silicalite, and a mesoporous cocatalyst, being an
amorphous silica-alumina doped with molybdenum and cerium oxides. When compared
to a mechanical mixture of extrudates made of H-silicalite and silica-alumina based
cocatalyst, respectively, the hybrid catalyst gives faster adsorption of nitrogen and
desorption of preadsorbed nitrogen. On the other hand, a much higher conversion of n-
hexane (cracking) was obtained with the hybrid catalyst while the product selectivities
are almost the same for all the cases. Such behavior is ascribed to the kinetic effect of the
pore continuum being formed in the hybrid catalyst pore system, which has a
consequence to speed up the diffusion of reactant molecules into and the reaction
products out of the zeolite micropores. By changing the support for the cocatalyst, which
is now a mesoporous silica, we observe the same pore continuum effect, i.e. the resulting

hybrid catalyst shows a very significant activity enhancement.
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2.1. INTRODUCTION

Polyfunctional catalysts capable of catalyzing multistep reactions are today
subjects of numerous investigations. Microporous materials such as zeolites are catalysts
or catalyst supports of choice for many reactions. Despite many advantages associated
with such materials (large surface areas, molecular sieving effect, shape-selectivity), the
limited size of their pores normally disfavors their use in reactions involving bulky
molecules. In a “configurational” diffusive regime, a small change in the molecular
structure of the reactant may have great influence on the diffusion within the zeolite pore
system. The quasi-matching between the diffusing molecule and the size of the zeolite
pore may result in fast diffusion rates (floating molecules). However, for any molecule
which diffuses in or out of a zeolite pore, an external “energy barrier” due to a sudden
change in the diffusion regime during the inward diffusion (of reactant molecules) or a
sudden change in the surface curvature during the outward diffusion of products [1], has
to be considered. It is quite important to mention that the “energy barrier” term is used
only to simplify the existence of the natural barrier associated with the pore mouth
structure of microporous zeolite materials. In order to decrease the negative effect of such
an energy barrier and thus ease the inward or outward diffusion, mesoporous cocatalyst
particles are firmly bound to the (microporous) zeolite particles, so that the zeolite
micropores are now directly connected to the cocatalyst mesopores thus forming funnel-
shaped pore connections. This is the concept of the pore continuum [2], which has found
applications in several reactions, which make use of zeolites (aromatization [2,3],
selective deep catalytic cracking [2,4]). The pore continuum concept received a strong

support from a theoretical investigation of El-Nafaty and Mann [5] who concluded
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“geometrically interspersed network” exhibited the fastest kinetics due to the direct
micro-macro pore links.

Hybrid catalysts, which are prepared according to the pore continuum concept by
pressing two catalytic components (microporous zeolite + mesoporous cocatalyst) within
a rigid binder matrix, can profit from the fast diffusion of reacting species between the
two surfaces, which may contain different active sites [4]. The microporous material
used in this work is an acidified silica-rich ZSM-5 zeolite, H-silicalite, together with a
cocatalyst — a mesoporous silica-alumina doped with molybdenum and cerium oxides.

In the following, the results of the nitrogen sorption isotherms will be jointly used
with the data of the catalytic conversion of n-hexane (used as model molecule for the
selective deep catalytic cracking or SDCC of naphthas) to evidence the effect of pore
continuum in the hybrid catalyst. Some data for DTA-TGA (differential thermal /
thermogravimetic analyses) will also be utilized to help imagine the geometric dispersion

of the particles of the various components in the hybrid catalyst.

2.2. EXPERIMENTAL
2.2.1. Preparation of the Hybrid Catalysts
H-silicalite (HZ)

The H-silicalite was prepared by mixing 1.0 g of HISIV 3000 (Molsive adsorbent,
a silica-rich ZSM-5 zeolite, from UOP) with 5 ml of NH4Cl (10 wt % aqueous solution).
The resulting mixture was stirred for 12 hours at room temperature and allowed to settle
down for one hour. The mixture was then filtered and the resulting powder was mixed
again with the NH4Cl solution, and stirred for other 10 hours at room temperature. The

solid obtained by filtration (without washing), was left at room temperature for 30 min,
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dried overnight at 120 °C and then activated at 550 °C for 3 hours. The H-silicalite
obtained, which is herein referred to as HZ, had the following physicochemical
properties: Si/Al =218, total surface area = 369 m%/g and microporosity = 136 m?/g.
Molybdenum and cerium-based cocatalyst (Cocat)

A solution of 8.5 g of ammonium molybdate hexahydrate (Aldrich) in 50.0 ml of
distilled water was mixed with a solution of 2.7 g of cerium (III) nitrate in 40.0 ml of
distilled water. The resulting solution was homogenously impregnated onto 50.0 g of
silica-alumina (Aldrich, catalyst support grade 135, SiO,= 85.6 wt.%; A,O; = 14.4 wt.%,
surface area = 443 m%/g). The solid was first left at room temperature for 30 min, then
dried overnight at 120 °C and finally activated at 550 °C for 3 hours. The resulting
material, referred to as Cocat 1, had the following physicochemical properties: SiO; =
73.7 wt.%, Al,O3 = 12.5 wt.%, MoO; = 11.9 wt.%, CeO, = 1.9 wt.%, total surface area =
335 m?/g, micropore surface area = 0 m%g. In other preparations, the silica-alumina
support was replaced by silica gel (J.T. Baker, surface area = 280 m%/g, entirely
mesoporous) and the resulting material was referred as Cocat 2, i.e. M0oO3-CeQ, /SiO;.
Hybrid catalysts

A series of hybrid catalysts was prepared by admixing the Cocat 1 with the H-
Silicalite powder materials in well-defined proportions, so that the final catalysts had the
following formula: Cocat 1 (100 -X)// (X) HZ, X being the weight percent of H-Silicalite
in the solid mixtures. The extrudates of these hybrid catalysts were obtained by extrusion
with 20 wt.% of bentonite clay (Spectrum products). These hybrid catalysts were dried

overnight at 120 °C and finally activated at 650 °C for 3 hours. They are referred to as
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Cocat 1//(X) HZ. Another catalyst was obtained by extrusion with bentonite using the
Cocat 2 and HZ: this hybrid catalyst is herein referred to as Cocat 2//(44) HZ.
Mechanical mixtures

The mechanical (solid) mixtures were obtained by mechanically mixing
individual microporous (HZ) and mesoporous (Cocat) extrudates (20 wt.% of bentonite)
of different diameters together. Initially, the HZ and Cocat extrudates (all calcined at 650
°C for 3 hours) were mildly crushed and then sieved through different sieves of different
mesh sizes corresponding to following apertures: 2.0 mm, 1.7 mm, 1.4 mm and 0.85 mm.
2.2.2. Catalyst Characterization
2.2.2.1. The acidified silicalite (HZ, powder) and the Cocat (powder) were analyzed by
atomic spectroscopy for their chemical composition. The cerium concentration in the
Cocat was determined by gravimetry.
2.2.2.2. The BET total and micropore surface arcas were determined by nitrogen
adsorption / desorption, using a Micromeretics ASAP 2000 apparatus.
2.2.2.3. Thermal gravimetric and differential thermal analyses were carried out using a
PL Thermal Science Model STA 1500 apparatus (combined TGA/DTA system, average
sample size = 13-18 mg; heating rate = 10.0 °C/min) in air atmosphere (flow rate = 20
ml/min).
2.2.3. Experimental set-up for catalytic testing
Experiments were performed using a Lindberg one zone tubular furnace. The reactor
vessel consisted of a quartz tube 55 cm in length and 1.5 cm in diameter.

Testing procedures and data reporting
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n-Hexane was used as model molecules for the conversion of petroleum naphthas.
Liquids, n-hexane and water were injected into a vaporizer using two infusion pumps. In
the vaporizer, nitrogen used as a carrier gas was mixed with n-hexane vapors and steam.
The gaseous stream was then sent into the tubular reactor. The testing conditions were as
follows: weight of catalyst = 2.2 g, weight hourly space velocity (WHSV) = grams of
reactant, i.e., n-hexane injected per hour per gram of catalyst = 1.52 h’,
water/hydrocarbon molar ratio = ca. 0.5 (0.11 g/g), reaction temperature = 640°C,
nitrogen flow rate = 3.0 ml/min, duration of the run = Sh. Gaseous and liquids were
collected separately using a system of condensers. The gas-phase components were
analyzed using a Hewlett-Packard 5890 FID gas chromatograph equipped with a 30-m-
long GS-alumina micropacked column (J&W Scientific), while the liquid phase analysis
was carried out using a Hewlett-Packard 8790 FID gas chromatograph.
The total n-paraffin conversion (mol% or wt.%) is expressed as follows:

C = moles of converted n-paraffin x 100

moles of n-paraffin fed
The selectivity (to product i) is expressed as follows:

number of carbon atoms of product i x 100
number of carbon atoms of converted products

Si=

2.3. RESULTS AND DISCUSSION
2.3.1. Isotherms of adsorption and desorption of nitrogen

Fig.2.1 and 2.2 show the isotherms of nitrogen adsorption and desorption for the
H-silicalite and the cocatalyst, respectively. The shapes of these isotherms (and the
resulting hysteresis loops) are characteristic of a “predominantly” microporous material
[7,8] and a mesoporous one [8], respectively. Fig.2.3 reports the desorption pore volume

plot (desorbed volume versus pore diameter = pore size distribution) of the H-silicalite.
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Besides the desorption region of micropores, one can see a peak at circa 3.5 nm: this can

be ascribed to the desorbed volume corresponding to the (larger) pore mouths of the H-

silicalite. On the other hand, the desorption pore volume plot of the cocatalyst exhibited a

broad peak of pores of 7.0 nm diameter (Fig.2.4). No micropores were detected.
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Fig.2.5 shows the nitrogen adsorption and desorption isotherms obtained with a

mechanical mixture of the H-silicalite extrudates (44 wt.%) and the cocatalyst ones (56

wt.%), both extrudates having the same diameter (2.00 mm). These isotherms, which

were the sums of the sorption isotherms of two separate components, respectively, had

obviously intermediary shapes. Fig.2.5 also shows the nitrogen adsorption and desorption

isotherms of the hybrid Catalyst (extrudate form) that comprised the same proportions of

H-silicalite (44 wt.%) and cocatalyst (56 wt.%). With respect to the mechanical mixture,

the shape of the hysteresis loop was significantly different, suggesting a quite different

sorption behavior.
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In fact, a close look reveals that in the adsorption phase, the values of adsorbed
nitrogen obtained with the hybrid catalyst in the quasi entire range of relative pressure of
nitrogen (> 0.0 to < 1.0), were significantly higher than those of the mechanical mixture
whereas the total volume of nitrogen adsorbed (relative pressure = 1.0) was almost the
same for both samples, i.e. 190 ml/g (Fig.2.5 and Table 2.1). In particular, the volumes of
nitrogen adsorbed between the 0.4 and 0.7 values of the relative pressure, were 11.5 ml/g
and 34 ml/g for the mechanical mixture and the hybrid catalyst, respectively. On the other
hand, the desorption isotherm of the hybrid catalyst also indicated a more important
desorption of adsorbed nitrogen: in fact, between the 0.7 and 0.4 values of the relative
pressure, almost 80 ml of nitrogen were desorbed by 1g of the hybrid catalyst (Fig.2.5
and Table 2.1) while within the same relative pressure range, only 11.5 ml of nitrogen
were desorbed by 1 g of the mechanical mixture (Fig.2.5 and Table 2.1). Since the
driving force for diffusion (increase or decrease of relative pressure of nitrogen) was the
same for both samples, the much higher volumes of adsorbed nitrogen and of desorbed
nitrogen observed with the hybrid catalyst — when compared to the corresponding
mechanical mixture, suggested that in both phases of adsorption and desorption, the
hybrid catalyst gave higher rates of adsorption or desorption, i.e. in final consideration,
faster (inward or outward) diffusion of nitrogen molecules or higher values of diffusivity
[9]. In addition, the comparison between the desorption pore volume plots obtained with
the hybrid catalyst extrudates (Fig.2.6) and the mechanical mixture (Fig.2.7) shows two

completely different desorption behaviors.
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Table 2.1: Volume of nitrogen adsorbed and desorbed, a comparison between hybrid
catalyst and its corresponding mechanical solid mixture

IR R |
Relative Volume AV Approximate
Catalyst Phase Pressure, Adsorbed, (cc/g AV/AP/Py),
— P/P, (cc/g STP) STP)
. 04 86
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Catalyst . 0.7 150
Desorption 0.4 70 80 267
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Mechanical 2450TPUiON 0.7 75.0 1.5 38
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Desorption 0.4 6.5 11.5 38
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2.3.2. Catalytic performance
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The maximum value of n-hexane conversion was obtained with a hybrid catalyst

comprising 44 wt.% of H-silicalite and 56 wt.% of cocatalyst 1 (Table 2.2). This

surprising result had already been reported in our previous works, which involved not

only n-hexane but also petroleum naphthas as feeds [4,10]. By using mechanical

mixtures, which contained the same proportions of the two catalytic components, we

obtained the same trends, i.e. a maximum conversion at 44 wt.% of extrudates of H-
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silicalite and 56 wt.% of extrudates of cocatalyst 1 (Table 2.2). However, mechanical

mixtures experienced extremely modest increases of n-hexane conversion.

Table 2.2: Conversion of n-hexane obtained with the Hybrid catalyst and its
corresponding solid mixtures (of different extrudate diameters)

Latalyst Composition 90 wt% HZ 44wt% HZ 25wt% HZ 10Wt%
100wt% "o 10wt%  &S6wt% & 75wt% HZ&90
Type of Catalyst HZ Cocat 1 Cocat 1 Cocat 1 wt%
Cocat 1
Hybrid Catalyst
(Ex.Diameter: 2.0 32.6 43.0 56.9 48.2 414
mm)*
Mechanical Mixture
(Ex.Diameter: 2.0 32.6 31.0 37.2 31.2 29.9
mm)’
Mechanical Mixture
(Ex.Diameter; 1.7 312 30.5 34.8 29.9 27.2
mm)*
Mechanical Mixture
(Ex.Diameter: 1.4 32.8 30.9 34.4 324 299
mm)’
Mechanical Mixture
(Ex.Diameter: 0.85 32.3 32.6 36.1 31.6 28.0
mm)’k

* Ex = Extrudate

Table 2.3 reports almost same product selectivities for the hybrid catalyst and the
corresponding mechanical mixtures of extrudates of different diameter. This suggests that
the enhanced conversion was closely related to some kinetic phenomena occurring within
the hybrid catalyst framework, i.e. this was not due to some (surface) structural change of
the two catalytic components. It is worth noting that some small changes in the product
selectivities for aromatics (small increase, mostly for the product benzene) and methane
(small decrease) were observed with the best hybrid catalyst configuration — when
compared to other hybrid configurations. This could be ascribed to the formation of

bifunctional catalytic sites in the contact region between the “large” pore mouths of the

45



H-silicalite and the mesopores of the cocatalyst. Cerium cations (known to have strong
redox properties as well as hydrogen exchange capability) contained in the cocatalyst
might be ion-exchanged with some protons of the H-silicalite, which were located in the
pore mouths. This bore some similarity with the aromatization of light paraffins [3]. In
fact, on these bifunctional sites, some propylene molecules might undergo
dehydrocyclization to benzene, preventing the formation of methane through the well-
known (secondary) cracking reaction: propylene — ethylene + methane.
Table 2.3: Product selectivities for hybrid catalyst and the corresponding mechanical

solid mixtures of extrudates of different diameters (Catalyst composition is 46 wt.% H-
silicalite and 56 wt.% cocat 1)

Catalyst Hybrid  Mechanical Mechanical Mechanical Mechanica
Composition Catalyst Mixture Mixture Mixture 1 Mixture
S; HZ/ (Ex.D.: 2.0 (Ex.D.: 1.7 (Ex.D.: 1.4 (Ex.D.:
(Wt.%) Cocat 1) mm) mm) mm) 0.85 mli
Olefins (C, " -C3 ) 593 62.4 60.9 61.2 64.2
Olefins (C, -C4 ") 73.2 76.7 75.0 75.6 77.9
Methane 5.6 8.0 9.1 9.0 9.1
C,-C, Paraffin 20.1 17.6 18.4 19.2 18.5
BTX Aromatics 53 3.6 4.5 2.6 2.0

Therefore, the more rapid adsorption of reactant molecules and desorption of the
product molecules from the hybrid catalyst might be the origin of its higher performance
in the conversion of n-hexane since this would more rapidly free the active sites of the
zeolite structure for further adsorption and conversion of reacting species. Such
interpretation is perfectly in line with the concept of pore continuum [2]: essentially, a
product molecule which diffuses in or out of a micropore (of the zeolite) does not have to
overcome an important “energy barrier” if the mouth of the zeolite micropore is in close
contact with that of the cocatalyst mesopore. In addition, an optimal composition (of

microporous and mesoporous materials) is needed for a maximum activity because the
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particles of the two types have to be distributed in some optimal way one around another

[5]. Also, the binder (here, bentonite) plays some important role in promoting such

catalytic activity enhancement because a tight contact between the particle surfaces (good

pore connections) is absolutely necessary. On the other hand, the much lower coke build-

up in the hybrid catalyst (Fig.2.8, 2.2 + 1.80 wt.%) when compared to the corresponding

mechanical mixture (Fig.2.9, 9.3 + 1.30 wt.%), suggests that the optimal distribution of

particles within hybrid extrudates — as mentioned earlier — might consist of large

cocatalyst aggregates surrounded by (tiny) submicron-sized particles as observed by

scanning electron microscopy in many hybrid catalysts [2,3]. In fact, coke precursors,

which diffuse through the zeolite particles, usually undergo cracking, thus preventing the

accumulation of coke in the hybrid catalyst network.

100.8

P
o
o
o
1

99.4 4

Weight Loss (wt.%)

©

bt

9
1

1 Amount of

48

36

24

carbon deposit (wt.%)

T
-
~

98.0

T T T T d T T T T T T T
100 200 300 400 500 600

Temperature (°C)
Fig.2.8: DTA/TGA curves for the

combustion of Coke deposited into
the Hybrid catalyst

Microvolts
Weight Loss (wt.%

)

100.0

3
o
1

95.0

92.5 4

90.0 4

Amount of /

carbon deposit (wt.%)

- 90

- 60

30

1 T T T T T
100 200 300 400 500 600

Temperature (°C)

Fig.2.9: DTA/TGA curves for
the combustion of Coke
deposited into the Mechanical
solid mixture

k120

Microviots

47



To ensure that bentonite used as binder did not have any significant effect on the
catalytically active components during the final thermal treatment of the hybrid catalysts, i.c.
there was no solid-state Al transfer from the bentonite to the silicalite which might enhance the
surface acidity, a series of tests was carried out with several “catalysts” (all activated at 650 °C
for 3 hours) and the catalytic results obtained are reported in Table 2.4. Thus, the activity and
product selectivities of extrudates made of bentonite (Bent) were not significantly different
from those of the untreated silicalite (Z /bent), meaning that there was no Al exchange between
the binder and the silicalite particles. Table 4 also shows the higher activity of the (extrudates
of) treated silicalite (HZ), which was due to its (low) acid site density corresponding to the low
Al content and its additional acidity created by intentionally leaving chlorine from the NH,Cl
treatment (no washing after the ion- exchange) [11]. In Table 2.4, is also reported the catalytic
activity of the (extrudates of) silica-alumina (SiAl) whose surface acidity was quite significant,
but slightly lower than the HZ sample [11]. However, the combination of HZ and SiAl, two
solids having quite comparable surface acidities, provided a hybrid catalyst (HZ//SiAl) whose
extrudates exhibited much higher catalytic activity (Table 2.4, last column).

Table 2.4: Catalytic activity of the extrudates of bentonite (Bent) and of some parent
solids used as supports or active components

Silica- (56)
Catalyst Bent Z/bent HZ alumina SiAV/

Composition (44) HZ

Conversion (wt.%) 23.5 22.2 32.6 29.3 40.9
Product Selectivity (wt.%)

Olefins (C; -C3") 67.4 66.2 63.0 67.5 58.8
Olefins (C, -C4 ) 80.8 80.3 79.6 822 76.2
Methane 7.2 7.1 5.9 6.4 4.3
C;-C, Paraffin 14.2 13.8 16.5 14.4 20.1
BTX Aromatics 0.2 0.7 0.2 0.2 1.1
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Finally, changing the support of the cocatalyst — from silica-alumina (Cocat 1) to less acidic
silica (Cocat 2) — slightly decreased the conversion. However, like in the case of the hybrid
catalyst Cocat 1//(44)HZ, the Cocat 2//(44) HZ sample gave a conversion significantly higher
than those of the monocomponent constituting catalysts, HZ (Table 2.4) and Cocat 2 (Table
2.5). These results provided new and convincing evidence for a pore continuum effect within
the hybrid catalyst network.

Table 2.5: Catalytic activity of the cocatalysts with different supports and their corresponding
hybrid catalysts (44 wt.% HZ. Cocat 1 = MoO;3;-CeO,/SiAl; Cocat 2 = Mo00O3-Ce0,/Si03)

Cocat 1// Cocat 2//

Catalyst Composition ~ C°t1 Cocat 2 (44) HZ (44) HZ
Conversion (wt.%) 30.8 28.6 56.9 47.5
Product Selectivity (wt.%)
Olefins (C, - C3 ) 61.1 66.0 593 64.8
Olefins (C, " -C4 ") 75.1 81.1 73.2 80.2
Methane 104 7.0 5.6 6.3
C,-C, Paraffin 18.0 14.0 20.1 15.1
BTX Aromatics 2.1 0.4 53 1.0
2.4. CONCLUSION

The inward and outward diffusion rates of nitrogen observed with the hybrid catalyst
extrudates were higher than those of a mechanical mixture of extrudates, both solids containing
the same proportions of microporous zeolite and mesoporous cocatalyst. On the other hand, the
same hybrid catalyst showed a much higher conversion of n-hexane than its counterpart (the
mechanical mixture), while the product selectivities were almost the same. Both phenomena
were interpreted as direct results of the formation of a pore continuum within the hybrid

catalyst pore network.
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2.6. AUTHOR’S NOTES AND SIGNIFICANCE OF PAPER TO THESIS

This work presents a continuation toward further understanding the pore continuum
concept that exists between micrporous and mesoporous materials. Our group was the first to
report and examine this newly developed concept [2]. In this study, we have found that the
hybrid catalyst, which is comprised of microporous H-silicalite and a mesoporous amorphous
silica-alumina supported molybdenum and cerium oxides gives, for instance, faster adsorption
of nitrogen and desorption of preadsorbed nitrogen when compared to the corresponding
mechanical mixture. Such behavior was ascribed to the kinetic effect of the pore continuum
being formed in the hybrid catalyst pore system, which has the consequence of speeding up the
diffusion of reactant molecules and that of reaction products from the zeolite micropores. It is
worthmentioning that the existence of pore continuum concept was supported by several
studies concerning the hierarchial meso-micro porous structure [13-15].

Although, the fast deactivation rate and diffusion limitations in the zeolite system were
reduced upon using the pore continuum configuration, they remain an obstacle that
significantly hinders the effectivness of zeolite. Therefore, we have decided to shift our
attention to the mesoporous supported metal oxide catalyst, which was used in the hybrid
catalyst as the mesoporous component. In the next chapters (III-VII), we will describe
thoroughly our examination of this mesoporous configuration. It is worth mentioning that the

pore continuum concept is revisited once again in the last chapter (Future work). Our
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preliminary results showed that the zeolite deactivation rate could be significantly improved in

the pore continuum configuration upon the addition of the right mesoporous cocatalyst.
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Chapter III

Physico-chemical properties of mixed molybdenum and

cerium oxides supported on silica-alumina and their use
as catalysts in the Thermo-Catalytic Cracking (TCC) of n-
hexane
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ABSTRACT

Mixed oxides, M0Os-CeQ,, were being used as catalysts for the cracking (TCC) of
liquid hydrocarbon feedstocks. The dispersion and interactions of MoOj3, CeO,, and mixtures
thereof impregnated into the silica-alumina surface were investigated using several techniques,
which included X-ray diffraction (XRD) and laser Raman spectroscopy (LRS). The loadings
and the chemical states of metal oxides incorporated separately had significant effects on the
catalytic activities of the resulting mono-component catalysts. Addition of cerium to
molybdenum had a favorable effect on the production of light olefins in the TCC of n-hexane
up to a certain level of cerium loading. In fact, high loadings of molybdenum and/or cerium
favored the formation of aromatics, instead. The catalytic performance of the bi-component
catalysts also depended significantly on the incorporation methods. It was found that the co-
impregnation of MoO; and CeO,, which led to the highest production of light olefins,
corresponded to the formation of (surface) cerium molybdate to the highest extent. On the
other hand, the catalysts prepared by the two-step impregnation methods (sequential and
reverse sequential impregnation) showed much lower catalytic performance due to low Mo-Ce
interactions as suggested by an important segregation of the active phases, mostly MoOs. The
sequence of catalytic performance (to the desired products, i.e. light olefins) fully coincided

with that of the dispersion of molybdate species on the support surface.
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3.1. INTRODUCTION

Light olefins and diolefins such as ethylene, propylene, butenes and butadienes
are precursors of numerous plastic materials, synthetic fibers and synthetic rubbers. These
precursors are mainly produced by several conventional petroleum processes that include
Steam Cracking (SC), Fluid Catalytic Cracking (FCC) and Deep Catalytic Cracking (DCC) [1-
2]. However, these conventional processes suffer from several major drawbacks such as severe
environmental problems, high energy cost and/or lack of catalyst long-term stability. Recently,
a new emerging process known as Thermo- Catalytic Cracking (TCC) has been developed,
aiming at achieving higher combined yield of ethylene and propylene, but at lower energy
consumption and lower greenhouse gases emission as well [3-11]. TCC is a combination of
(mild) thermal cracking and catalytic cracking, the latter making use of unique hybrid or novel
mesoporous mixed oxide catalysts. In the hybrid catalyst configuration, two components,
microporous (zeolite type) and mesoporous (cocatalyst), were firmly bound to each other
within a clay binder, such that a “pore continuum” effect was developed, allowing the rapid
diffusion of reacting species from micropores to the mesopores or vice-versa [8-11]. Another
version developed was the novel mesoporous mixed oxide catalyst, which is based on
supported mixed molybdenum-cerium oxides [5,6,10].

In general, both molybdenum oxide and cerium oxide based catalysts have
attracted the attention of many researchers, because of their numerous applications in various
fields. For instance, molybdenum oxide based catalysts have been widely used in many
important catalytic reactions [12], which include olefin metathesis [13], oxidation and
ammoxidation reactions [14,15], as well as hydrotreating [16]. Furthermore, cerium oxide

forms an integral part of three-way catalysts (TWC) for automotive exhaust treatment [17] and
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serves as a promoter for the fluid catalytic cracking (FCC) catalysts [18]. The success of
cerium oxide relies on its unique features that include its ability to release and store oxygen
(high oxygen mobility) couples with the ability to shift easily between the reduced and
oxidized states (Ce** 5 Ce** + &) (unique redox properties) [19,20].

Nevertheless, to our knowledge, no work has been reported yet in the literature on
silica-alumina supported bicomponent MoO3-CeO, system. Therefore, an attempt was made in
this present study to shed some light into the properties of this catalyst system. In the previous
publication [10], we have laid the general features of the effect of doping cerium oxide into the
supported molybdenum oxide catalyst. Cerium oxide, incorporated as a dopant, has a main
catalytic effect of increasing the selectivity to light olefins and diolefins while the production
of BTX aromatics significantly decreases. In the present study, we were attempting to provide
some basic insights into the physico-chemical properties and structure of silica-alumina
supported mono-component MoQO3, CeO, and bi-component MoQO3-CeQ, catalysts, and the
effect of catalyst preparation. Therefore, a systematic study was undertaken on the
characterization of silica-alumina supported mono-component MoO3, CeO; and bi-component
MoQO3-CeO;, catalysts by various techniques such as Brunauer-Emmett-Teller (BET) surface
area and pore volume, X-ray diffraction (XRD), Laser Raman spectroscopy (LRS, a powerful
tool to investigate supported metal oxides) and ammonia temperature-programmed desorption
(surface acidity). The catalytic properties were evaluated during the TCC of n-hexane used

herein as a model molecule for petroleum naphthas, and the results were discussed in relation

with the structural properties.
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3.2. EXPERIMENTAL

3.2.1. Catalyst Preparation

Catalyst support

Commercial amorphous silica-alumina (SiAl) (Aldrich, catalyst support grade 135, SiO, = 86
wt.%; ALL,O3; = 14 wt.%) was used as a support. Prior to impregnation it was calcined at 650 °C
for 3h. This treatment results in silica-alumina with a surface area of 421 m%g and a pore
volume of 0.680 cm®/g, as measured with the BET technique.

Mono-component silica-alumina supported catalysts

MoO:; /silica-alumina catalysts (MoO3/SiAl)

A series of MoOs/silica-alumina catalysts with MoOj3; loadings in the range of 1.0-33.0 wt.%
MoO; were prepared by impregnation method. The required amount of ammonium
heptamolybdate (AHM) (NH4)sMo07024.4H,0 salt (Aldrich) was dissolved in distilled water
and then added to silica-alumina. The impregnation solutions were at pH 5.3-5.5. After
impregnation, samples were first left at 60 °C for 3 h for slow evaporation of water, dried
overnight at 120°C and finally activated in air at 650 °C for 3 h. MoOs/SiAl with different
MoOj; loadings are noted as xMoQs/SiAl, where x is the MoOs content in wt.%. Pure MoO3
was obtained by calcining ammonium heptamolybdate in air at 650 °C for 3h.

CeQ; /silica-alumina catalysts (CeO./SiAl)

A series of CeOs/silica-alumina with CeO; loadings in the range of 1.0-15.0 wt.% CeQO; were
prepared by impregnation method. The required amount of cerium (III) nitrate Ce(NO3)3;.6H,O
salt (Aldrich) was dissolved in distilled water and then added to silica-alumina support. The
impregnation solutions were dependant on the amount of cerium (III) nitrate and ranges from

pH 3.5-1.5 with respect to CeO; loadings, 1.0-15.0 wt.%. Similar procedures as MoOs/SiAl
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catalysts were used. CeO,/SiAl with different CeO, loadings are noted as yCeO,/SiAl, where y
is the CeO; content in wt.%. Pure powder CeO, was obtained by calcining cerium (III) nitrate
in air at 650°C for 3h.

Unsupported Mixed MoOs-CeQ; catalysts (MoQO3-CeQ;)

A series of unsupported MoO3-CeO; catalysts with different [Ce]/[Mo] molar ratios in the
range of 0.13-0.88 were prepared by co-precipitation method. Aqueous solutions of AHM and
cerium (III) nitrate were mixed together for ca. 10 min. and then the resulting precipitate was
filtered. The precipitates were dried overnight at 120 °C and then activated in air at 650 °C for
3 h. The amount of AHM was kept constant, while the amount of cerium (III) nitrate was
varied in order to obtain different [Ce]/[Mo] molar ratios.

Bi-component silica-alumina supported Mixed MoO3-CeQO2(MoQO3-CeO;/SiAl)
co-Impregnation method (Col):

A series of MoO3-CeQO,/SiAl catalysts with different [Ce]/[Mo] molar ratios were prepared by
co-impregnation method. In the range of [Ce]/[Mo] ratios from 0.13-0.88, MoOs loadings were
kept always constant at ca. 11.6 wt.%, while the CeO; loadings were varied from ca. 1.75 wt.%
- 12.0 wt.% (i.e.CeO,in wt.% was 1.75, 4.0, 6.0, 8.0 and 12.0 for samples with [Ce]/[Mo] =
0.13, 0.30, 0.41, 0.59 and 0.88, respectively). Aqueous solutions of AHM salt and Cerium (III)
nitrate salts were mixed together for ca. 10 min. and then were impregnated on silica-alumina.
The impregnation solutions were dependant on the [Ce]/[Mo] ratios and ranges from pH 4.2-
1.6 with respect to [Ce])/[Mo] molar ratios, 0.13-0.88. After impregnation, samples were first

left at 60 °C for 3 h for slow evaporation of water, dried overnight at 120 °C and finally
activated in air at 650°C for 3 h (catalysts prepared by co-impregnation are designated by

MoCe/SiAl).
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Sequential impregnation (Sel) and Reverse sequential impregnation (RSI) methods:

Samples with the following [Ce]/[Mo] molar ratio = 0.41 (the MoOs and CeO, contents were
11.6 wt.% and 5.6 wt.%, respectively) were prepared by both sequential and reverse sequential
impregnation. In sequential impregnation, an aqueous solution of AHM salt (pH 5.3-5.5) was
impregnated first into the silica-alumina followed by drying and calcinations. Then, an aqueous
solution of cerium (III) nitrate salt (pH 3.5) was later impregnated into the calcined mixture
(catalysts prepared by sequential impregnation are designated by Mo-—>Ce/SiAl). In reverse
sequential impregnation method; similar procedures and conditions were used except that the
order of impregnated species was reversed (catalysts prepared by reverse sequential
impregnation are designated by Ce—»>Mo/SiAl).

Catalyst extrudates

The extrudates of all prepared catalysts were obtained by extrusion with bentonite clay
(Aldrich), (Spectrum products, 20.0 wt.% of the previous solid mixtures). These catalysts were
dried overnight at 120°C and then activated in air at 650 °C for 3 h.

3.2.2. Catalyst Characterization

3.2.2.1.The surface areas of the catalysts were determined by the BET method using nitrogen
physisorption at 77 K. The measurements were carried out using Micromeretics ASAP 2000
apparatus. Samples were degassed for 4h at 220 °C before N, physisorption.

3.2.2.2. X-ray Powder diffraction (XRD) was carried out on a Philips diffractometer equipped
with a PW 1050/25 focusing goniometer, which has been automated with the VisX122D
system from Diffraction Technologies. The Ni filtered Ka radiation of Cu was used (Agkq1 =
1.54051A) and diffractometer was operated at 40kV and 20mA. The powder patterns were

recorded in the step scanning mode from 10-60°(26) at a detector angular speed of 0.3 °/min
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with a step size of 0.05°. The XRD phases present in the samples were identified with the help
of the JCPDS (Joint Committee on Powder Diffraction Standards) powder data files [21].
3.2.2.3. Raman spectra were collected with a Nexus FT-Raman spectrometer. The spectra were
recorded at room temperature using the 1064 nm line of Nd-YAG laser for excitation. The
laser was operated at 0.7 watt and data were recorded using the OMNIC software. The
wavenumber obtained from spectra are accurate to within 2 cm™.
3.2.2.4. Ammonia adsorption and temperature-programmed desorption (TPD) technique was
used for the study of the surface acidity. To prevent physisorption phenomena, ammonia was
adsorbed at 100 °C. The measurement of acid site density was carried out by heating the
ammonia treated catalyst at a constant flow rate of nitrogen (ultra high pure) from 100 °C
(temperature of ammonia adsorption) to 650 °C. Using a 0.02 N CH3COOH solution that was
then back-titrated with 0.01N NaOH solution in accordance with the method reported in [22].
3.2.3. Experimental set-up for catalytic testing
Experiments were performed using a Lindberg one zone tubular furnace. The reactor vessel
consisted of a quartz tube 55 cm in length and 1.5 cm in diameter.
Testing procedures and data reporting

For the conversion of petroleum naphthas, n-hexane was used as a model. Liquids, n-
hexane and water, were injected into a vaporizer using two infusion pumps. In the vaporizer,
nitrogen used as a carrier gas was mixed with n-hexane vapors and steam. The gaseous stream
was then sent into the tubular reactor. The testing conditions were as follows: weight of
catalyst = 2.2 g, weight hourly space velocity (WHSV) = grams of reactant, i.e., n-hexane
injected per hour per gram of catalyst = 1.52 h™', water/hydrocarbon molar ratio = ca. 0.5 (0.11

g/g), reaction temperature = 680°C, nitrogen flow rate = 3.0 ml/min, duration of the run = Sh.
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Gases and liquids were collected separately using a system of condensers. The gas-phase
components were analyzed using a Hewlett-Packard 5890 FID gas chromatograph equipped
with a 30-m-long GS-alumina micropacked column (J&W Scientific), while the liquid phase
analysis was carried out using a Hewlett-Packard 8790 FID gas chromatograph equipped with
a 50-m-long PONA capillary column. The catalytic activities results were reproducible within
1 1.75 wt.%.

The total n-paraffin conversion (mol% or wt.%) is expressed as follows:

C,= moles of converted n-paraffin x 100

moles of n-paraffin fed
The selectivity (to product i) is expressed as follows:

number of carbon atoms of product i x 100
number of carbon atoms of converted products

3.3. RESULTS AND DISCUSSION
3.3.1. Mono-component MoQO;/SiAl and CeQO,/SiAl catalysts

Mo oxides as metal oxides of Group 6 have several oxidation states, which may affect
their catalytic activity, mostly when they are supported on “irreducible” oxides such as silica or
silica-alumina. In its most stable oxidation state (+6), MoOjs also exhibits acidity of some
strength and of both natures (Bronsted and Lewis) [23]. Surface structure of a supported metal
oxide catalyst is of key importance for its catalytic properties. Several other physico-chemical
parameters are also important such as surface area and porosity [24], degree of dispersion,
number of coverage layers, possibility of interaction with the support, surface restructuring
during the reaction at high temperature or high pressure, as well as amounts and methods of
incorporation of active species [25]. Knowing the total BET surface area and the theoretical

surface coverage of a molecule of MoOs [26,27], the surface density of Mo, as well as the
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corresponding surface coverage as a fraction of a monolayer was calculated (Table 3.1).
However, the reality is much more complicated than this ideal situation since: a) the support is
always heterogeneous so that it can host extraneous species only in certain locations. As a
result, the surface saturation — in monolayer configuration - is reached in much smaller fraction
[28,29]; b) the adsorption of the metal oxide onto the support surface is never homogeneous
and may be in monomeric or polymeric form in relation to the isoelectric point of the support,
IEPS [30 and refs. therein]; c) the density and type of surface hydroxyl (-OH) groups on the
support surface may have a great influence on the dispersion of the incorporated species
[31,32]; d) surface restructuration may occur during the catalyst preparation or testing.
Therefore, the experimentally determined actual monolayer loading on different supports are
always less than the theoretical estimation. In our present study, the experimentally determined
MoO; monolayer on silica-alumina support corresponded to about 31 % of the theoretical
monolayer estimation (case of MoO; loading with 12.0 wt.%) as shown in Table 3.1. In our
case, the increasing loading of MoQj; significantly and gradually diminished the surface area
and the pore volume of the final catalysts. This was due to the progressive occlusion of the
pores of the support by MoOj crystallites whose size increased with increasing loadings. These
crystallites were visible by the XRD only when the loading was higher than 12 wt. %, probably

because below that value, the crystal size was smaller than 5.0 nm (Fig.3.1a).
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Table 3.1: Textural properties of the support, bulk and silica-alumina supported MoO3
catalysts; all samples were activated at 650°C in air for 3h

Average surface coverage *

Catalyst MoO; SgeT Pore Mo surface density As a fraction of
o 2 Volume
(wt.%) (m’/g) (cm® /e) monolayer
(Mo atoms/nm?) - (6!

Mo (1.0)/SiAl 1.0 384 0.615 0.11 0.02
Mo (2.0)/SiAl 2.0 389 0.626 0.22 0.04
Mo (5.0)/SiAl 5.0 359 0.573 0.60 0.12
Mo (10.0)/SiAl 10.0 347 0.562 1.21 0.24
Mo (12.0)/5iAl 12.0 328 0.541 1.53 0.31
Mo (15.0)/SiAl 15.0 270 0.491 2.32 0.47
Mo (18.0)/SiAl 18.0 240 0.471 3.14 0.63
Mo (25.0)/SiAl 25.0 131 0.372 7.98 1.60
Mo (33.0)/SiAl 33.0 64.5 0.281 214 4.28
Silica-alumina 0.0 421 0680 e

MoO;* 100 2.5 0.004 e

*  Assumption: 6 MoO3; =0.2 nm?
¢ MoO; obtained by calcining ammonium molybdate tetrahydrate in air at 650 °C for 3h

Figure 3.1a clearly shows that MoO; on silica-alumina support forms an X-ray amorphous
monolayer on the silica-alumina at Mo loading up to 1.53 atoms/nm? (equivalent to 12.0 wt.%
MoOs). However, at higher loadings, new XRD peaks appeared and are ascribed to bulk MoOs
crystallites. These reflections (shown with (*)) are ascribed to bulk MoOj; with the
orthorhombic crystal structure (JCPDS No. 35-0609) [33]. Furthermore, it is noteworthy to
mention that at very high loadings (higher than 12.0 wt.% MoOs3), XRD revealed in addition to
MoO; crystallites the presence of a new phase (Figure 3.1a), which may be attributed to the
formation of Al,(MoQy); (JCPDS No. 23-0764) by solid-state reaction between bulk MoQOj; and
the alumina containing support.

These results were further supported by laser Raman spectroscopy, which provided
more structural details due to its high sensitivity, particularly toward the presence of

microcrystallites (< 40A) and XRD amorphous particles [34]. For instance, the more sensitive
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laser FT-Raman spectroscopy showed the presence of much smaller sized crystallites, i.e. when
the loading of MoOj; was only 5.0 wt. % (Figure 3.1b), as evident from the presence of Raman
bands (ca. 285, 375, 475 and 966 cm'l) that are characteristics of surface octahedral
polymolybdate species (Mo0702%, MogOa4") [35-37]. Additionally, Raman bands that are
unambiguously attributed to bulk MoOs crystallites (285, 667, 819 and 995 cm™) [38] were
also observed in samples with MoOj loading of 10.0 wt.% and higher. It is noteworthy to
mention that XRD did not detect the presence of MoO; crystallites in samples with 10-12.0
wt.% MoQ3;, while Raman spectroscopy clearly did. These small crystallites resulted from an
easy conversion of surface polymolybdate species upon calcinations at elevated temperature.
This was attributed to the weak molybdate interaction with the silica-alumina support, which

has a low surface concentration of hydroxyl groups (-OH), and molybdate anions [31-32,39].
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Fig.3.1: (a) X-ray diffraction patterns of silica-alumina (SA) supported MoOjs catalysts with
different MoOj3 loading, A) 0.0 wt.%, B) 5.0 wt.%, C) 7.00 wt.%, D) 10.0 wt.%, E) 12.0 wt.%,
F) 15.0 wt.%, G) 18.0 wt.% and H) 25.0 wt.%. (*) Reflections due to bulk MoQOs phase, (#)
reflections due to Al,(MoOy);. (b) Raman spectra of SA supported MoQ; as a function of
MoQj; loading; A) 5.0 wt.%, B) 7.0 wt.%, C) 10.0 wt.%, D) 12.0 wt%, E) 15.0 wt.%, F) 18.0
wt.% and G) 25.0 wt.% (*) dispersed molybdate species and (*) MoOj crystallites.

On the other hand, the same phenomena of surface area and pore volume decreasing

with increasing CeQ, loading were observed (Table 3.2). However, the variations of these
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physical properties were much less drastic than that involving MoOs, suggesting that CeO,
crystallites were relatively smaller.

Table 3.2: Textural properties of bulk and supported silica-alumina supported CeQO, catalysts;
all samples were activated at 650°C in air for 3h

Catalyst CeO; (Wt.%) (lsn"zﬁé Pore Volume (cm’/g)

Ce (1.0)/SiAl 1.0 365 0.594
Ce (2.0)/SiAl 2.0 358 0.589
Ce (3.0)/SiAl 3.0 361 0.593
Ce (6.0)/SiAl 6.0 342 0.540
Ce (8.0)/SiAl 8.0 316 0.488
Ce (12.0)/SiAl 12.0 322 0.508
Ce (15.0)/SiAl 15.0 295 0.468

Ce0,* 100 48.3 0.156

¢ Ce0O; obtained by calcining cerium (III) nitrate tetrahydrate in air at 650 °C for 3h

Fortunately, these crystallites could be seen through XRD, already at quite low loading, i.e. 3
wt. %, as evident from Fig.3.2, which shows the presence of diffraction peaks that are ascribed
to bulk CeO; crystallites (shown with () (JCPDS No. 34-0394)) [40]. In addition, there was no
interaction between the incorporated Ce species and the SiAl support [41,42]. Krause et al [41]
have reported that cerium silicate was formed only if Ce/SiO, was reduced by hydrogen at 800
°C in the presence of Rh. Similarly, Shyu et al [42] have reported that the formation of CeO,
monolayers on Al,O3; was ascribed to the accommodation of cerium ions in the surface
vacancies inherent in the defective spinel structure assumed by the support, leading to the
formation of species easily reducible at 600 °C to small crystallite of cerium aluminate, which

could not be detected by XRD. The low affinity or interaction among CeO, and SiO; or Al,O;

might be due to the high redox ability of CeO; [43].
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Fig.3.2: X-ray diffraction patterns of silica-alumina supported CeO, catalysts with different
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CeO; loading, A) 1.0 wt.%, B) 2.0 wt.%, C) 3.0 wt.%, D) 6.0 wt.%, E) 8.0 wt.%, F) 12.0 wt.%

and G) 15.0 wt.% () Reflections due to bulk CeO, phase

Table 3.3 reports the catalytic performances of the MoQs/SiAl catalysts. Since these

catalysts were tested in conditions where thermal cracking was also present, silica-alumina

(support) based extrudates were used as a reference catalyst tested in the same reaction

conditions as the mono-component or bi-component catalysts.

Table 3.3: Catalytic activity of mono-component silica-alumina supported MoOs with various
MoOj3 loadings in the TCC of n-hexane ?

Catalyst Slhc.a - Mono-component MoQO; (x)/silica-alumina
alumina

(x): MoO; Loading (wt%) 0.00 2.0 70 120 180 250
Conversion, C, (wt%) 504 52.1 55.2 56.8 57.8 60.4

Product Selectivity, S; (Wt%)
C,-C, alkane 12.9 14.6 14.5 15.1 15.1 15.6
C;s" naphthenes 3.10 3.36 4.64 5.29 5.46 5.93
C, -C4 olefins and diolefins 82.2 79.3 77.5 75.5 73.3 71.2
BTX aromatics 1.87 2.74 3.29 4.10 6.14 7.35

#(C1-C4): Methane, Ethane, Propane, Butane, (C, -C4 ): Ethylene, Propylene, Butenes,

Butadiene; (BTX): Benzene + Toluene +Xylene
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Thus, increasing the loading of MoO; resulted in higher conversion of n-hexane, as also
suggested by the higher surface acidity of MoQO; (Table 3.4). It is worth noting that the
generation of Bronsted acid sites following the incorporation of molybdenum oxide on the
silica-alumina surface as reported elsewhere [10] results from the interactions between
molybdate anionic species and different types of hydroxyl groups present on the support
surface [23,44-45]. A careful assessment of Table 3.3 reveals that product selectivity toward
BTX (Benzene-Toluene-Xylene) formation increased with samples up to 12.0 wt.% MoO3
loading. However, at very high loadings where large crystallites of MoO3; and Al,(MoOy);
appeared on the surface as suggested by both XRD and LRS, the selectivity to BTX aromatics
and their precursors (Cs* naphthenes) increased drastically, at the expense of light olefins and
diolefins. This behaviour has been attributed in the past to the aromatization character of
Mo0Q;, mainly the dehydrocyclization reactions of paraffins [46].

Table 3.4: Acid site density of silica-alumina supported mono-component and bi-component
catalysts; all catalysts were activated at 650°C in air for 3h prior to surface acidity analysis

Catalyst Acid Sites Density

mmol/g ~ pumol/m’
Silica-alumina (SA) 0.538 1.28
MoO; (12.0) /silica-alumina 0.784 2.39
CeQ, (6.0) /silica-alumina 0.494 145
Mo0O;-CeQ, /silica-alumina 0.672. 291

|Ce|/|Mo| =0.41

The catalytic performances of the CeO,/SiAl are reported in Table 3.5. In general, since
CeO, had mild basic properties [47], its effect was to gradually decrease the conversion with
increasing loadings as shown in Table 3.5. The acid character of silica-alumina was not greatly
affected upon the incorporation of cerium as revealed by surface acidity measurements

reported in Table 3.4. This had been also observed by several researchers [48]: “... basic sites
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were newly regenerated on the catalyst surfaces by the rare earth loading although the acid
character of the catalyst was mostly not affected by the modification...”. The inhibition of
olefin adsorption by loaded rare earth metal oxides was assumed to be the major cause of low
aromatics formation. This is only the case with the highly dispersed ceria species. Similar
effect produced by the newly incorporated “sorption” sites, which were capable of removing
the carbenium ions, thus shortening their residence time on the acid sites, was also observed
with Zn species in the isomerization of n-heptane [49]. However, when the CeO, was higher
than 12.0 wt. %, the H-transfer capacity of this rare-earth metal oxide [50] finally changed the
trend of the product formation, now towards higher production of aromatics.

Table 3.5: Catalytic activity of mono-component silica-alumina supported CeO, with various
CeO; loadings in the TCC of n-hexane *

Catalyst Mono-component CeO, (y)/Silica-alumina
(y): CeOy, (Wt%) 1.00  2.00  3.00 5.00 8.00  12.00  15.00
Conversion, C; (wt%) 50.5 493 48.6 46.3 46.0 45.3 44.1
Product Selectivity, S; (wt%)

C,-C, alkane 12.6 12.5 12.80 14.5 14.0 143 14.5

Cs" naphthenes 3.73 343 3.62 3.61 4.17 4.76 5.33

C, -C, olefins and diolefins 81.0 81.7 79.6 76.4 76.1 75.1 73.8
BTX aromatics 2.62 2.39 4.02 5.42 5.74 5.87 6.41

? For symbols see table 3.3
3.3.2. Bi-component co-impregnated MoOj3 -CeQO, /SiAl catalysts

Up to [Ce}/[Mo] molar ratio of 0.41 in the co-impregnated catalysts, the product
selectivity to BTX aromatics and their precursors (Cs  naphthalenes) slightly decreased, while
the selectivity to light olefins and diolefins significantly increased (Table 3.6). However, due to
the increasing presence of the basic Ce containing species, the conversion gradually decreased.
The maximum performance for light olefins was observed with the [Ce]/[Mo] molar ratio of
0.41. However, at much higher ratio, the opposite variation trend was observed instead, i.e.

more aromatics and less olefins were formed. Therefore, within well-defined and quite broad
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range of [Ce]/[Mo] molar ratio, the production of olefins was favoured at the expense of

aromatics and their precursors.

Table 3.6: Catalytic activity of t bi-component silica-alumina supported mixed MoQO;3;-CeO,
prepared by co-impregnation with various [Ce]/[Mo] Molar ratios, in the TCC of n-hexane ?

Catalyst Bi—comnonent Mixed MoOs-Ce0Q, /silica-alumina
[Ce]/[Mo] Molar Ratio 0.13 0.30 0.41 0.59 0.88
(Ce0%2b wt.% (1.75) (4.0) (5.6) (8.0) (12.0)
Conversion, C, (Wt%) 62.5 58.3 57.7 54.8 533
Product Selectivity, S;
(wt%)
C,-C, alkane 16.1 154 129 12.9 14.9
Cs" naphthenes 7.11 6.61 5.89 6.90 6.30
Cz -Cqolefins and 71.6 73.1 78.1 75.5 72.5
diolefins
BTX aromatics 5.23 490 3.15 4,72 6.30

2 For symbols see table 3.3, > MoO; content was constant at 11.6 wt.% in all samples.
Analyzing the structure of surface species of supported bi-component MoOs;- CeO,
catalysts is quite significant in order to explain the outstanding behaviour of these catalysts in
the TCC of n-hexane, when compared to supported mono-component catalysts. However, it is
essential to analyze the structure of the possible species that may be formed upon the
simultaneous mixing Mo and Ce precursors without the presence of the support in order to use
it as a guide for the analysis of the surface structural data of silica-alumina supported mixed
Mo0O;-CeO;, catalysts. On the other hand, the phase distributions of unsupported and supported
mixed oxide systems, are not necessarily similar since phase distribution may change as a
result of the interactions with the support materials. Therefore, this approach should be only
used with extreme caution especially in the case of supported materials. XRD patterns
(Fig.3.3a) and laser Raman (Fig.3.4a) of unsupported bi-component MoOs3-CeO; catalysts
prepared by co-precipitation, clearly confirmed the presence of cerium molybdenum having the

structure of Ce;Mo40;s, as identified in refs [51,52]. Fig.3.3a showed the reflections that are
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characteristics of Ce;Mo040;5 (shown with (+) (JCPDS No.30-0304)). While, Raman spectra
(Figure 2.3b) showed the presence of strong bands at (ca. 949 and 936), and weak bands at (ca.
978,917, 889, 781 and 365 cm'l). These bands are believed to be that of cerium molybdenum
compound [52,53]. It is also noteworthy to mention that the structural analysis (both XRD and
LRS) of unsupported bi-component catalysts revealed the presence of MoOs phase along with
cerium molybdenum phase. Moreover, the XRD patterns (Fig.3.3b) of silica-alumina
supported Mo0QO3;-CeO, catalysts showed the presence of two main phases, the amorphous
phase, characterized by the amorphous hump, due to the amorphous silica-alumina support and
crystalline phases, MoOs; and CeO,. In addition, the XRD patterns suggested that cerium
molybdate compound is highly dispersed on the support surface since no diffraction peaks can

be ascribed to cerium molybdate compound.
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Fig.3.3: X-ray diffraction patterns of (a) unsupported MoQO3-CeO; catalysts prepared by co-
precipitation, with different [Ce]/[Mo] molar ratio, A) 0.13, B) 0.30, C) 0.41, D) 0.59 and E)
0.88, (+) Reflections due to Mo-Ce phase (CexMo040;5), and (*) Reflections due to MoOs
crystallites, and (b) silica-alumina supported bi-component MoOs-CeQ; catalysts prepared by
co-impregnation, with different [Ce]/[Mo] molar ratio, A) 0.13, B) 0.30, C) 0.41, D) 0.59 and
E) 0.88
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These results were further supported by laser FT-Raman spectroscopy (Fig.3.4). Fig.3.4
clearly showed the presence of several Raman bands at (ca. 320, 380, 466, 825, 910, 955 and
995 cm’™"). Raman band observed at 466 cm™ is assigned to bulk CeO; crystallites [53], while
the simultaneous presence of Raman bands near 825 and 995 cm™ are clearly indicative of bulk
MoQOs; crystallites [38]. Furthermore, Raman bands observed at 320, 380, 910 and 955 em™ are
most probably due to the vibration of cerium molybdate in which molybdenum atom is in an

octahedral position (most probable structure is Ce2Mo40;5 (Fig.3.4a)).
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Fig.3.4: Raman spectra of (a) unsupported MoOs3-CeO; catalysts with different [Ce]/[Mo]
molar ratio, A) 0.13, B) 0.30, C) 0.41, D) 0.59 and E) 0.88, and (b) silica-alumina supported bi-
component MoQ3-CeO, catalysts prepared by co-impregnation and with different [Ce]/[Mo]
molar ratio, A) 0.13, B) 0.30, C) 0.41, D) 0.59 and E) 0.88

To elucidate this further, we compare the Raman spectrum of unpromoted samples (i.e.
silica-alumina supported MoO; with no cerium, MoOs loading of 12.0 wt.%), (Fig.3.1b) to that
of promoted sample (i.e. silica-alumina supported MoO3-CeO,, [Ce/[Mo] = 0.41), (Fig.3.4b).

Raman bands at 320, 380 and 910 cm™ were not observed in the Raman spectrum of
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unpromoted sample while it was clearly observed in the Raman spectrum of promoted samples.
In addition to that, Raman spectrum of unpromoted sample shows the presence of ill-defined
broad Raman band centered at ca.966 cm'l, however this band became more resolved and
shifted to 955 cm’™ in the promoted sample. Therefore, the only possible assignment for these
bands is that they are due to the vibration of cerium molybdate species. Table 3.7 reports the
catalytic performance of the bi-component catalysts (i.e. catalysts with [Ce/[Mo] = 0.41)
obtained by two-step impregnation of MoQOj; and CeO; into the silica-alumina support. None of
these catalysts showed product selectivities to light olefins as high and those to aromatics as
low, as the corresponding co-impregnated samples (Tables 3.6 and 3.7). In addition, when
CeO; was incorporated first and the quite massive loading of MoQO; was done after, the
resulting catalysts were not as selective to light olefins as the samples resulting from the
sequential impregnation. Thus, the following sequence of decreasing catalytic performance
(i.e. desired production of light olefins and undesired formation of aromatics) was obtained:
(most active)  CeMo/SiAl > Mo — Ce/SiAl > Ce > Mo/SiAl  (least active)
Table 3.7: Catalytic activity of bi-component silica-alumina supported mixed MoQ3-CeO»

based catalysts ([Ce]/[Mo] = 0.41) prepared by two-step impregnation method (sequential and
reverse sequential impregnation) in the TCC of n-hexane ?

Catalyst Mo — Ce/SiAl Ce = Mo/SiAl
Sequential Impregnation Reverse Sequential
Preparation Method (Mo = Ce) Impregnation (Ce > Mo)
[Ce]/[Mo] =0.41(CeO, =
5.6wt.%)"
Conversion, C, (wt.%) 59.4 55.5
Product Selectivity, S; (wt.%)
C,-C, alkane 14.1 15.5
Cs" naphthenes 8.30 7.94
C, -C, olefins and diolefins 71.7 69.3
BTX aromatics 5.90 7.30

? For symbols see table 2.3, ° MoQs content was constant at ca. 11.6 wt.% in all samples
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Fig.3.5 and 3.6 show the XRD patterns and Raman spectra of silica-alumina supported
bi-component prepared by two-step impregnation, respectively. It is clearly shown that the
population of bulk MoOj crystallites over the dispersed molybdate species appear to increase
drastically with catalysts prepared by two-step impregnation. Catalysts prepared by sequential
impregnation in which Mo was incorporated first followed by subsequent addition of Ce
precursors into the support indicated that the molybdate dispersion was drastically reduced.
XRD patterns (Fig.3.5) revealed the presence of more reflections that are ascribed to MoO; and
Al(MoOQy); crystallites, while Raman spectra (Fig.3.6) showed the presence of clear Raman
bands that are unambiguously assigned to MoO; crystallites. On the contrary, when Ce was
incorporated prior to Mo, Ce deposited on the support as segregated CeO,. This strongly
implies that the silica-alumina did not undergo any modifications that might play a role in
influencing the subsequent addition of Mo. In fact, when Mo was incorporated later on, it was
poorly dispersed on the support, as clearly demonstrated by the presence of more intense MoO;
crystallite peaks, which indicate the presence of more ordered MoOj crystallites as shown in
the XRD patterns and Raman spectra of catalysts obtained by reverse sequential impregnation

(Fig.3.5 and 3.6, respectively).
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Fig.3.5: X-ray diffraction patterns of silica-alumina supported bi-component catalysts
([Ce]/[Mo] = 0.41), with different preparation methods, A) co-Impregnation (MoCe/SiAl), B)
Sequential Impregnation (Mo — Ce/SiAl), and C) Reverse Sequential Impregnation (Ce
—>Mo/SiAl), (*) Reflections due MoOs, (#) Reflections due to Al,(MoQO4); and (*) Reflections
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Fig.3.6: Raman spectra of silica-alumina supported bi-component catalysts ([Ce]/[Mo] = 0.41),
with different preparation methods, A) co-Impregnation (MoCe/SiAl), B) Sequential
Impregnation (Mo — Ce/SiAl), and C) Reverse Sequential Impregnation (Ce —Mo/SiAl)

75



Based on the catalytic activity and surface structural analysis of bi-component MoQ3- CeO,

catalysts prepared by different methods, the following points can be deduced:

a)

b)

The sequential loadings of metal oxides exceeding the monolayer coverage had the
tendency to hinder the catalytic effect of the first metal oxide on the resulting bi-
component catalysts.

The formation of the probably labile cerium molybdate compound (in the co-
impregnated and to a lesser extent, in the sequentially loaded Mo — Ce) resulted in the
coupling of a Mo active site with a Ce one. This interpretation coincided with the XRD
and LRS observations which led to the following sequence of decreasing dispersion of

surface molybdate species (or increasing segregation of MoQs as large crystallites):

(most dispersed) CeMo/SiAl > Mo — Ce/SiAl > Ce — Mo/SiAl (least dispersed)

Finally, as evidenced by the difference in behaviour between these bi-component

catalysts and the similarity of the previously shown sequences of dispersion of
molybdate species and catalytic performance, in the co-impregnated catalysts whose
loadings were reasonably low (ex: [Ce]/[Mo] molar ratio of 0.41), the coupled active
sites were predominantly located at the most external surface of the catalyst particles
(i.e. on top of the bulk MoOs layers), so that they were fully accessible to reactant

molecules.

3.4. CONCLUSION

The loadings and the chemical states of metal oxides incorporated separately had

significant effects on the catalytic activities of the resulting mono-component catalysts.

Addition of cerium to molybdenum had a favourable effect on the production of light olefins in

the TCC of n-hexane up to a certain level of cerium loading. In fact, high loadings of
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molybdenum and/or cerium favoured the formation of aromatics, instead. The catalytic
performance of the bi-component catalysts also depended significantly on the incorporation
methods. It was found that the co-impregnation of MoQOj; and CeO,, which led to the highest
production of light olefins, corresponded to the formation of (surface) cerium molybdate to the
highest extent, i.e. to the ideal coupling of active sites. On the other hand, the catalysts
prepared by the two-step impregnation methods (sequential and reverse sequential
impregnation) showed much lower catalytic performance due to low Mo-Ce interactions as
suggested by an important segregation of the active phases, mostly MoOs;.
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3.6. AUTHOR’S NOTES AND SIGNIFICANCE OF PAPER TO THESIS

This work on the synthesis, characterization and catalytic activities was the first article
to be published in the literature on amorphous silica-alumina supported MoO3-CeO;. This
study has shown that supported bi-oxide are catalytically active and selective to light olefins
under the Thermo-Catalytic Cracking conditions. Our studies have also determined that metal
loadings, calcination temperature, preparation methods, and more importantly nature of the
support, play significant roles in influencing the physico-chemical properties and subsequently
catalytic activities.

The following chapters present a continuation toward understanding and further
developing the supported bi-oxide configuration. It was clear that the nature of the support
plays the most significant role in influencing catalytic activities. Amorphous silica-alumina

failed to maintain a high dispersion of impregnated Mo and Ce species, and thus resulted in
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low catalytic activities. In the next chapter, we will be exploring another potential support for
the TCC catalysts, which is transition alumina. Although, transition alumina is widely used in
many industrial applications, it is only limited to low temperature reactions (< 600 °C). This is
due to its poor thermal and hydrothermal stability, as well as low ability to disperse metal
particles at high calcination temperature. Therefore, in the next upcoming chapters (IV-VII)

these drawbacks will be addressed thoroughly.
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Chapter IV

Thermal Stability of Alumina Aerogel doped with Yttrium
Oxide, used as a Catalyst Support for the Thermo-
Catalytic Cracking (TCC) Process; An Investigation of its
Textural and Structural Properties

10.0 wt.% yttria doped
alumina aerogel
Seer = 319 m?/g

40 50 60
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Graphical Abstract: X-ray diffraction, TEM micrographs and electron diffraction pattern of
10.0 wt.% yttria doped alumina aerogel calcined at 750 °C for 3h
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ABSTRACT

Undoped and yttria doped alumina aerogel are prepared by the (solution) sol-gel
method using a supercritical drying technique. The doping concentrations are in the range of
2.5-20.0 wt.% Y03, using yttrium (III) nitrate as a precursor. The effect of yttria doping on the
structural and textural properties of alumina aerogel is investigated by BET surface area
measurement, X-ray diffraction (XRD), TEM and ?’A1 MAS NMR. This method of preparation
of alumina aerogel provides the most important increase in surface area at 750 °C and up to
1000 °C, when compared to conventional alumina that is obtained via thermal dehydration of
boehmite. These results show that the much smaller size of crystallites of alumina aerogel is
quite efficient of retarding the sintering occurring at these high temperatures. Further
improvements in thermal stability are obtained by incorporation of yttrium species during the
aerogel preparation. The stabilizing effect goes through a maximum with a yttrium content of
ca. 10 wt. %. The presence of yttrium significantly delays the lattice rearrangement into new
phases, as normally experienced by the conventional alumina when the temperature increases.
These yttrium species induce the formation of distorted tetrahedral Al sites. Such a binding
effect of Y to Al is clearly detected by Al MAS NMR at 750 °C already. However, at 1200
°C, even the doped aerogel cannot withstand the combined effect of sintering and a-phase
transformation, so that extremely low surface areas corresponding to those of alumina a-phase

and segregated Y-Al,Os are obtained.
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4.1. INTRODUCTION

Thermo-Catalytic Cracking (TCC) of petroleum feedstocks is a new emerging process
for the production of light olefins (i.e. ethylene and propylene, with the yield of the latter
intermediate being much higher than that obtained by the steam cracking [1-6]. This process
was developed in response to the rapidly growing worldwide demand for propylene [7] and to
the increasingly stringent environmental regulations that require low greenhouse gas emissions
(i.e. CO,). The market demand for propylene worldwide in the year 2000 was 51 million
metric ton (mt), and it is expected that demand to grow up to 90 mt with an annual growth rate
of about 4.5-5.5 % [8]. However, the current conventional technologies (i.e. SC and Fluid
Catalytic Cracking (FCC)) cannot respond adequately to such rapid increase, since propylene is
only produced as a co-product in these processes. The TCC process has been considered more
advantageous than SC since it produces higher combined yields of ethylene and propylene with
a propylene/ethylene product ratio close to 1.0, requires lower energy costs and is a more
environmentally friendly process. This process, which uses supported mixed oxides containing
catalysts, operates at relatively high temperature (i.e. 720 °C). Therefore, evaluating the
thermal stability of the catalyst support is of paramount importance for the overall TCC
catalytic activities.

Supported metal oxide catalysts are extensively used in the petroleum, chemical, and
pollution control industries [9]. Their physicochemical and catalytic properties are highly
influenced by several factors such as the amounts and nature of metal oxides, the preparation
methods, the pH of impregnating solution, and the drying and calcination temperature [10].
However, the type of support used plays a vital role in influencing the structure and

subsequently the catalytic performance of supported metal oxides [10,11]. Therefore, the
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search for an appropriate support is considered as a crucial step. Ideally, an appropriate support
should be able to improve the dispersion of active components, promote effective metal-
support interactions, and retain the unique properties of the impregnated metals (i.e. surface
acid-base, redox properties, etc). In addition, the support should possess high surface area,
mechanical strength as well as be thermally and hydrothermally stable [12]. Transition y-
alumina, silica, amorphous silica-alumina, TiO, and ZrO, are some examples of catalyst
supports used in the chemical industry and petrochemical industry. TiO, and ZrO, are quite
unsuitable for industrial applications that require high temperature and high surface area, due
to their low thermal stability, quite small surface area and high price [13]. Silica and
amorphous silica-alumina as catalyst supports are quite attractive due to their high surface area.
However, they do not have the ability to promote a high surface dispersion of impregnated
metals, due to the low concentration of surface hydroxyl groups and low isoelectric point (IEP)
[14]. This was in complete agreement with our earlier investigation of the performance of
catalysts based on supported MoO3-CeO; [6]. In fact, it was found that silica-alumina used as
support showed weak metal-support interactions that might lead to the segregation of the active
MoO3 phase.

Conventional transition y-alumina, which is obtained mainly via thermal dehydration of
boehmite at 400-450°C [15], is by far the most widely used catalyst support [16]. This alumina
shows various properties such as moderate surface area, good mechanical strength and limited
concentration of defects in its crystalline structure [16]. However, the thermal and
hydrothermal stability [16-18] remain the most significant drawbacks of y-alumina in high
temperature reactions requiring the presence of steam. At elevated temperature y-alumina loses

its surface area causing the sintering of surface active phases, which will consequently
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degenerate the catalytic activity. It is believed that the loss of surface area of y-alumina at high
temperature is caused by the combination of two phenomena: sintering and phase
transformation [19]. Sintering which is a process involving the decrease of surface energy of
alumina particles, starts at as low as 600 °C, followed by structural transformations (sequence
of phase transformations according to the y-(8)-6-o sequence) (the existence of (8) phase
depends on the starting precursor and decomposition temperature) ending with the a-phase that
occurs at temperatures above 1000 °C [13,16-19]. Many cations [13,16-22] such as La’>*, Ce*",
Ba®*, and Zr*' incorporated by different methods have demonstrated a great influence in
delaying or retarding the sintering and a-phase transformation of y-alumina. On the other hand,
alumina obtained via the solution-sol-gel method using a supercritical drying technique
provides improved and controllable morphological and chemical properties (i.e. high porosity
with large surface area, uniform particle size, etc) when compared to conventional y-alumina
[23-26]. These properties have shown further improvements upon the addition of dopants such
as lanthanides [27,28] and other oxides [29-31] (i.e. SiO,, TiO, and ZrO,).

In the present investigation, we have evaluated the suitability of using yttria doped
alumina aerogel as a potential catalyst support for the TCC process. Y,0; is considered as an
interesting dopant, particularly for its application in high temperature ceramics. The effect of
Y>03 doping on the thermal stability of alumina aerogel has been investigated before [32,33],
however to our knowledge there is no detailed investigation of the effect of yttria doping on the
properties of alumina aerogel, and a wide range of yttria concentrations in the preparation, as
well as, the utilization of various spectroscopic techniques of characterization. Therefore, the
main objectives of the present study were to give a detailed investigation of the structural and

textural properties of alumina aerogel and the effect of yttria doping on these properties at high
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temperatures. To accomplish these goals, a systematic study was undertaken on the
characterization of catalyst supports by various techniques such as BET surface area, XRD,

TEM and 2’Al MAS NMR.

4.2. EXPERIMENTAL

4.2.1. Preparation of Catalyst Supports

The yttria doped alumina aerogel was prepared by a technique similar to that previously
reported [32,33]. The precursors used were aluminum tri-sec-butoxide (Strem chemicals, 98
%) and yttrium (III) nitrate hexahydrate (Strem chemicals, 99.9 %), the latter replacing the
more expensive yttrium acetylacetonate used in refs [32,33]. They were dissolved in 2-butanol
(Aldrich), and methanol (Aldrich), respectively. Yttrium concentration was varied in order to
have 2.5, 5.0, 10.0 and 20.0 wt.% of Y,0s. Y,05-Al,0; with different Y,Oj3 contents is noted as
xY203-Al,03, where x is the Y203 content in wt %. The preparation procedures for undoped
alumina aerogel were similar to that of yttria doped alumina aerogel, except no dopant was
used. Conventional alumina, used for comparison purpose, was available commercially from
Strem Chemicals and noted in this text as conventional Al,O;. Before characterization, the
various samples were calcined in air at 750, 1000, 1100 and 1200 °C for 3 h, unless specified
otherwise.

4.2.2. Catalyst Supports Characterization

4.2.2.1. The specific surface areas and pore size distributions of the samples were determined
by the BET method using nitrogen physisorption at 77 K. The measurements were carried out
using Micromeretics ASAP 2000 apparatus. Samples were outgassed in vacuum for 4h at
220°C before N, physisorption. Specific surface areas were calculated according to Brunauer-

Emmett-Teller (BET) method and the pore size distributions were obtained according to
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Barret-Joyner-Halenda (BJH) method from the adsorption data. BET specific surface area
results are within accuracy of + 5.5 m%/g.

4.2.2.2. X-ray Powder diffraction (XRD) was carried out on a Philips diffractometer equipped
with a PW 1050/25 focusing goniometer, which had been automated with the VisX122D
system from diffraction technologies. The Ni filtered Ka radiation of Cu was used (Agq1 =
1.54051A) and diffractometer was operated at 40kV and 20mA. The powder patterns were
recorded in the step scanning mode from 10-60°(20) at a detector angular speed of 0.3 °/min
with a step size of 0.05° in order to reduce the background noise. The XRD phases present in
the samples were identified with the help of the JCPDS (Joint Committee on Powder
Diffraction Standards) powder data files [34].

4.2.2.3. Transmission Electron Microscopy (TEM) images and Electron Diffraction patterns
were recorded using a JEOL JEM-2000 FX microscope operating at 80 KV equipped with a
charged-coupled device (CCD)-camera (Gatan). Samples were mounted on a microgrid
formvar/carbon supported on a 300 mesh copper grid (3mm in diameter) film by placing a few
droplets of a suspension of the ground sample in ethanol (0.1 wt.% solution) on the grid,
followed by drying under ambient conditions.

4.2.2.4.% Al Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) measurements
were carried out in a Bruker NMR spectrometer model DSX-300 (magnetic field 7.04 T). 2'Al
MAS NMR spectra were obtained at the frequency of 78.23 MHz with a 20° pulse length of 2
us and 1 s delay between pulses and a spectral range of 40-75 kHz. The samples were spun at
14 KHz in N; using 4 mm ZrQ; rotors, and typically 540 FIDs were collected for each sample.
The chemical shifts were measured relative to external Al (OH,)s 3* standard with an accuracy

of £ 0.5 ppm. Prior to measurement, the samples were dehydrated by evacuation to a pressure
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below 5 um Hg in a Micromeritics ASAP-2000 instrument (BET apparatus) at 200 °C
overnight. The samples were then transferred in a helium atmosphere to a moisture-free N,
atmosphere glove box and packed in sealed tubes. Then, they were transferred from sealed
tubes and packed into ZrO, rotors.
4.3. RESULTS AND DISCUSSION

The main results of our investigations on the properties of the alumina materials using
X-ray diffraction, TEM and BET surface area measurement techniques are given in the
following. XRD (Figures 4.1-4.4 and Table 4.1) clearly showed that the conventional alumina
underwent phase transformation, when heated at high temperatures, in accordance with the
following sequence: y — 6 — o.. This was in complete agreement with previous investigations
[18,21,35]. In fact, conventional alumina upon calcination at 750 °C showed the presence of y-
phase which was transformed to both 6- and a-phase at 1000 °C. Calcination at 1200 °C
resulted in the formation of the a-phase solely, suggesting that o-phase (corundum), being the
most thermodynamically stable phase, readily occurred at 1000 °C and reached completion at
1200 °C [21,35]. Undoped alumina aerogel showed only the y-phase at 750°C (Table 4.1).
Broad diffraction peaks of this crystalline phase (Figure 4.1) indicated that the undoped
alumina aerogel was not well crystallized. However, at 1000 °C undoped alumina aerogel
showed the presence of y- and traces of O-phase, without any signs of a-phase (Fig.4.2).
Further calcination to 1100 °C resulted in the transformation of y-phase into 6-phase with some

traces of a-phase, the latter became the dominant phase at 1200 °C (Fig.4.3).
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Table 4.1: X-ray diffraction pattern results of the conventional alumina, undoped and yttria
doped alumina aerogel with various yttria loadings ®

Calcination condition

o _______________________________________|
Sample 750 °C for 3 h. 1000 °C for 3 h. 1100 °C for 3 h. 1200 °C for 3 h.
Conventional a-AlLOs +
alumina (O.(7)6)“’) y-ALO; 6-, and a-AlLO; traces of ©- a-ALO;
(0.253)° phase
Undoped alumina 0-ALO; +
- +
aerogel (0.(3;1)“’) v-AlLOs trachlA()légsphase traces of o- a-ALO;
(1.150)° - phase
2.5 wt.% Y,0;-
Amorphous + YAIO; + tra
(b) rphous 3 ces
Alz((337(g(.)3)(50).) traces of y-phase ¥-ALO; of 0-A1,04 YAIO; + a-ALO;
5.0 wt.% Y,0s-
Amorphous + Y AIQ; + trac
(b) rpaous 3 S
AL03(0.33) traces of y- phase v-ALO; of BALO, YAIO; + a-ALO;
(0.975)
10 wt.% Y,0s-
ALO; (0.34)® Amorphous y-ALO; YAIOs+traces g\ 1 4 o ALO,
(0.906)(0) of 9—A1203
20 wt.% Y,0;-
Amorphous + YAIQ; + traces
(b) p 3
AlOs (0.3(06)) Amorphous traces of y-ALOs of 0-ALO; YAIO; + a-AlLOs
(0.617)

(*) y-ALLO;3; (JCPDS No. 10-425), 8- Al,O; (JCPDS No. 35-0121), a-Al,0;3 (JCPDS No. 10-
173), YAIO3 (JCPDS No. 16-219 or 38-222). (*) Density in g/cm’. () Pore volume in cm®/g

Yttria doped alumina aerogel with different yttria loadings (2.5-20.0 wt.%), when
calcined at 750 °C, showed the presence of amorphous structure for all samples with some
traces of y-Al,Os in samples with lower loadings (2.5-5.0 wt.% Y03, Table 4.1). In fact, as the
yttria loading increased up to 20.0 wt.%, the hump that was characteristic of an amorphous
structure increased in intensity (Fig.4.1). However, samples of yttria doped alumina aerogel
with yttria loading in the range of 2.5-10.0 wt.%, when calcined at 1000 °C, showed the
presence of only y-Al,O3. At that temperature, the sample containing 20.0 wt. % yttria, still
showed the amorphous alumina which coexisted with y-Al,Os. There was no diffraction peak
that could be attributed to either 6- or a-phase, thus indicating clearly an improved thermal

stability (Fig.4.2). Further calcination at 1100 °C resulted in the appearance of 6-phase and that
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of yttria-alumina phase (YAIOs) as evidenced by the presence of its characteristic diffraction

peaks (Fig.4.3). Figure 4.3 also showed that as the yttria loading increased, the diffraction

peaks of YAIO;s crystalline phase became sharper indicating that the gels were well crystallized

in this phase. It was quite clear that at 1100 °C, although yttrium ions delayed the formation of

o-AlyO3, they did cause the formation of some Y-alumina phase. Finally, when yttria doped

alumina aerogel samples were calcined at 1200 °C, both a-Al,O3; and YAIO; were readily

detected. Comparison between the XRD patterns of yttria doped alumina aerogel at 1100 °C

(Fig.4.3) and 1200 °C (Fig.4.4), showed that the 0-phase that was observed at 1100 °C, was

completely transformed into a-phase at 1200 °C. Moreover, the YAIO; was better crystallized

at 1200 °C, as evidenced by the sharpness of XRD peaks.
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Fig.4.1: X-ray diffraction patterns of
samples calcined at 750 °C for 3 h.
(A) conventional Al,Os, (B) undoped
alumina aerogel, (C) 2.5 Y,03-
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Fig.4.2: X-ray diffraction patterns of
samples calcined at 1000 °C for 3 h.
(A) conventional Al,O3, (B) undoped
alumina aerogel, (C) 2.5 Y,03-Al,03,
(D) 5.0 Y,03-Al,0; (E) 10.0 Y,05-
AlLO, and (F) 20.0 Y205-Al,03. (*) y-
A1203 . (+) 6-A1203, and (-) OL-A1203
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Fig.4.4: X-ray diffraction patterns of
samples calcined at 1200 °C for 3 h.
(A) conventional Al,O3, (B) undoped
alumina aerogel, (C) 2.5 Y,03-AL,03,
(D) 5.0 Y,03-A1,05 (E) 10.0 Y,03-
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TEM images and electron diffraction patterns of conventional alumina, undoped
and yttria doped alumina aerogel (10.0 wt.% Y,03) calcined at 750 °C for 3 h. are shown
in Fig.4.5 (A-C) and (A*-C*), respectively. The TEM images of conventional alumina and
alumina aerogel revealed important differences between them in terms of morphology
and crystallinity. In fact, the TEM micrograph of conventional alumina (Fig.4.5A),
compared to that of the undoped alumina aerogel (Fig.4.5B), showed the presence of
large alumina sheets, which appeared to be well structurally organized and crystallized.
Moreover, the electron diffraction pattern of conventional alumina (Fig.4.5A") indicated
the presence of diffuse rings with noticeable diffraction patterns, while the diffraction
pattern observed for undoped alumina acrogel (Fig.4.5B") was much weaker suggesting a
lower degree of crystallinity. On the other hand, the TEM micrograph of alumina aerogel
doped with 10.0 wt.% yttria exhibited an amorphous structure (Fig.4.5C) and its electron
diffraction pattern (Fig.4.5C") showed only diffuse rings with no clear diffraction pattern
(i.e. another indication for amorphous material). Further, the TEM image and electron
diffraction pattern of yttria doped alumina aerogel with 10.0 wt.% Y,0j;, this time
calcined at 1000 °C for 3 h (Fig.4.5D and Fig.4.5D", respectively), revealed that there
was a change in the morphology and crystallinity when compared to the ones calcined at
750 °C (Fig.4.5C and Fig.4.5C"), presumably due to the formation of lowcrystallinity y—
phase as indicated by XRD results (Fig.4.2E and Table 4.1). In fact, the electron
diffraction pattern of this material (Fig.4.5D") showed the presence of diffuse rings with
very weak diffraction pattern, clearly supporting that the y—phase formed had a low
degree of crystallinity. When calcined at 1100 °C for 3 h, the same sample showed,

however, the presence of well-defined crystalline phases (Fig.4.5E and Fig.4.5E"). The
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crystalline material exhibited diffraction patterns, which might be attributed to crystalline
YAIO; and 6-Al,0; phase, as also indicated by previous XRD data (Fig.4.3E and Table

4.1).
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Fig.4.5: TEM micrographs and electron diffraction patterns (represented by (*) of
samples calcined at 750 °C for 3 h. (A) conventional Al,Os, (B) undoped alumina
aerogel, (C) 10 Y,03-AL03, (D) and (E) are 10.0 Y>0;-Al,0, calcined at 1000 °C and
1100 °C, respectively
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Changes in the BET specific surface area of conventional alumina, undoped and
yttria doped alumina aerogel samples calcined at different temperature for 3h are shown
in Table 4.2 Up to 1100 °C, undoped and yttria doped alumina aerogels all exhibited
much higher specific surface area when compared to conventional alumina. However, the
most important effect leading to surface area “conservation” was due to the sol-gel
technique, which provided values of surface area, up to 1100 °C, more than double than
those of conventional alumina. Table 4.2 also showed that the incorporation of yttria to
alumina aerogel during its preparation has caused a positive change in the specific
surface area depending on the yttria loading. In fact, doped alumina aerogel with yttria
loading between 5.0-10.0 wt.% exhibited the maximum specific surface area. This value
decreased with higher loading (i.e. 20 wt.% Y,0s). It is noteworthy that this was

observed irrespective of calcination temperature.

Table 4.2: Changes in the BET specific surface area of conventional alumina, undoped
and yttria doped alumina aerogel as a function of calcination temperature for 3 h

Sample BET Specific Surface Area, mzlg
750°C (A)®  1000°C (A)®  1100°C (A)® 1200°C

Conventional Al,O5 116 (0) 51 (0) 20 (0) 7
Undoped alumina aerogel 277 (139) 100 (96) 62 (210) 11
2.5 wt.% Y,0;-AL,0; 300 (159) 123 (141) 51 (155) 9
5.0 wt.% Y,03-A1,0; 331 (185) 145 (184) 79 (295) 10
10.0 wt.% Y,0;-Al,0; 319 (175) 136 (167) 73 (265) 11
20.0 wt.% Y,05-AL0; 254 (119) 86 (67) 35(75) 9

(*) % Increase in specific surface area when compared to conventional alumina

Fig.4.6 that reported the loss of specific surface area after 50 h of calcination at
various temperatures, clearly showed the higher thermal stability of yttria doped alumina

aerogel compared to convention alumina. For instance, yttria doped alumina aerogel with
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10.0 wt.% Y,0; that was calcined at 1000 °C for 50 h only suffered a loss of ca.19 % of
its surface area (initial value obtained with 3h calcination), while conventional alumina
lost ca. 69 % of its surface area (comparison done with an already much lower initial
value). These results could be interpreted as more evidence for the improved thermal
stability of yttria doped alumina aerogel when compared to conventional alumina. It is
worth mentioning that no changes with respect to the structure were detected as a result

of long calcinations time. This was clearly confirmed by the XRD.
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Fig.4.6: Loss of surface area of samples calcined at 750 °C and 1000 °C for 50 h. (a)
conventional alumina, (b) undoped alumina aerogel, (c) 2.5 wt.% Y203-Al,03, (d) 10.0
wt.% Y>03-Al,03 and (e) 20.0 wt.% Y,03-Al,03

As reported in the introduction section, the mechanism by which alumina loses its
surface area (i.e. sintering or textural transformation, followed by structural

transformation) has been extensively studied and is quite well understood [12,17,35,36],
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although some controversial opinions about the relative importance of these
transformations still exist [19,20]. First of all, it has been proposed that the thermal
stability of alumina depends greatly on the contacts between alumina particles, and the
surface defects (i.e. cationic and anionic vacancies, the latter are also created by
climination of -OH groups). Therefore, the key for significantly decreasing the rate of
sintering is to minimize the contact between alumina particles and neutralize or reduce
the effect of surface defects [37]. In the present study, the most important improvements
in the thermal stability, when compared to conventional alumina, is observed with the
(undoped) alumina aerogel at 750 °C and 1000 °C. This is believed to be due to the effect
of the sol-gel synthesis method using the supercritical drying technique, which results in
the formation of microcrystalline alumina whose very tiny particles are hardly detectable
by XRD diffraction and TEM techniques. Thus, the lower the particle radius, the larger
the surface area and the slower the sintering process at elevated temperatures. Solution
sol-gel syntheses have shown several advantages over other preparation methods (i.e.
hydrolysis, precipitation...etc) mainly due to their versatility that allows better control of
textural, composition, homogeneity and structural properties [38]. The observed high
porosity (i.e. low density, Table 4.1) and consequently high specific surface area of
alumina aerogel samples (Table 4.2) can be attributed to the supercritical (or
hypercritical) drying of liquids contained in the gel. This specific type of drying resulted
in the preservation of the textural properties of wet gels, since the interfacial tension
associated with the liquid-vapour meniscus was not allowed to form in the capillaries
(pores) [23-25,32]. Yttria doped alumina aerogel displayed further improvement in the

thermal stability compared to undoped alumina aerogel (and thus, conventional alumina).
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However, as mentioned previously, the influence of yttria was only observed up to 1000
°C, since at a higher calcination temperature while yttrium ions could delay the formation
of a—Al0;, they also caused the nucleation of Y-alumina phase (YAIlO;) and
subsequently, the segregation of this species from the bulk. Finally, at 1200 °C, all
samples exhibited the a—Al,O3 phase (and YAIO; for all yttrium doped materials) (Table
4.1) with very low surface areas (Table 4.2).

It has been reported in the literature [13,17,18,21,22,27-31] that dopants or
additives such as alkaline earth or rare earth metals play a significant role in increasing
the thermal stability of alumina structure, however there is still a debate about the exact
stabilization mechanism. Oudet et al [18] and Beguin et al [22] attributed the stabilizing
effect of lanthanum on alumina to the formation of surface lanthanum aluminate. Kumar
et al [31] and Kobayashi et al [28] explained the mechanism for stability enhancement of
lanthanum as follows: “rare-earth cations enter the interstitial positions of transition
alumina lattice and decrease the oxygen vacancies formed in the neck regions which are
the nucleation sites of a—Al,O3”. Other authors [19,20] preferred the use of terminology
such as “dispersion of rare-earth ions”. However, insertion of dopants as interstitial
cations might be quite difficult in the case of alumina since the AI** ionic radius is small
(r a2 =0.051 nm) [36]. In the present investigation, the positive effect of yttria on the
thermal stability of alumina aerogel samples is reasonably assumed to be due to the
formation of yttrium aluminate species. Their presence was only confirmed by Al MAS
NMR, since XRD patterns showed that no crystalline phases other than alumina can be
detected in yttria doped alumina aerogel up to 1000 °C. The reason for that could be due

to the limitation of XRD technique (i.e. the Y-alumina crystallites are below the threshold
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of detection by XRD). The >’ Al MAS NMR of conventional alumina, undoped and yttria
doped alumina aerogel calcined at 750 °C are shown in Fig.4.7 A-F. Careful examination
of these figures revealed that all samples clearly showed two peaks, one centered at ca. -
3.0-7.0 ppm and another one at ca. 57-65 ppm. These peaks are assigned unambiguously
to octahedral and tetrahedral coordinated aluminium, respectively [39,40]. Furthermore,
another peak around ca. 33.0 ppm was solely observed in yttria doped alumina aerogel,
whose intensity increased as the yttria loading increased. Therefore, we believe that the
peak observed around ca. 33 ppm is closely associated with the presence of yttria. This
peak could be assigned to (surface and lattice) distorted tetrahedral aluminium (Alet,)
bonded to yttrium through a bridge of oxygen (distorted Aliy,—O-Y bond). It is worth
mentioning that the 2’A1 MAS NMR peak observed in the region of 20-40 ppm in various
alumina materials has been assigned to different types of AI*" species and it is obvious
from the literature that there is a difference in opinion concerning its assignment.
Usually, this peak has been assigned to aluminium surrounded by five oxygen atoms
(pentacoordinated aluminium) [41]. Iwamoto et al [42] reported that the peak around 35
ppm could be assigned to surface tetrahedral Aley,-O-P in molybdenum-phosphorous-
alumina catalysts synthesized via sol-gel method. Wang et al [43] in their investigation of
alumina structure prepared by sol-gel method have also observed a peak around 33.0
ppm, which they assigned to aluminium ions in octahedral sites with some of the lattice
oxygen ions being replaced by hydroxyl groups. In our case, we do not give any
preference to the origin (i.e. distorted tetrahedral or octahedral) or the location of these
distorted Al bound to Y (i.e. located on the particle surface or in the bulk) for the

following reasons: a) to have a retarding action on sintering phenomena of alumina
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particles (as in the case of the small sized (undoped) aerogel), Y species should be bound
to some surface Al; b) however, during the synthesis, the sec-Al butoxide forms a quite
homogeneous gel upon addition of yttrium nitrate, that immediately undergoes hydrolysis
when a stoichiometric quantity of water is added. The resulting (very) light aerogel
particles do not show any apparent mass “expulsion” of yttrium species to the surface,
suggesting that Y species are still “homogeneously” distributed in the alumina particles.
2TA1 MAS NMR spectrum of yttria doped alumina aerogel sample (with 10.0 wt.% Y,0s)
calcined at 1000 °C (Fig. 4.7G) also showed the presence of a peak around ca. 33 ppm,
however its intensity appeared to be reduced when compared to same sample calcined at
750 °C. Further calcination of the same sample at 1100 °C showed the presence of only
two peaks that can be assigned to octahedral and tetrahedral coordinated aluminium,
without the sign of any peak in between (Fig.4.7H). This would imply that the Y-
alumina phase that was observed in samples calcined at 750 and 1000 °C, had been now
displaced from the alumina lattice (and surface) to form the segregated YAIO; at 1100
°C. Hence, these Y-alumina species observed at 750 °C and 1000 °C are believed to be
the “loosely bound” YAIO;. Thus, the enhancement of thermal stability of alumina
aerogel upon yttria doping and calcined at up to 1000 °C, can be related to the formation
of these Y-alumina species. The presence of these species has led to the reduction of the
concentration of alumina surface defects, which are one of the main causes of particle
sintering and subsequent phase transformation. They probably help immobilizing the
surface alumina ions into a more stable structure (Y-alumina structure). In addition, it is
also reasonable to mention that these species must have an influence on the alumina

surface ~OH groups, since these groups are considered to be also major players in
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alumina sintering and phase transformation at high temperature, mostly in the presence of

steam (hydrothermal stability [44]).
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Fig.4.7: 2’ Al MAS NMR of samples calcined at 750 °C for 3 h. (A) conventional Al,Os,
(B) undoped alumina aerogel, (C) 2.5 Y,03-Al,03, (D) 5.0 Y,03-AL0; (E) 10.0 Y,0;-
ALO, and (F) 20.0 Y,03-Al0;. (G) and (H) are 10.0 Y,03-AL0, calcined at 1000 °C

and 1100 °C, respectively

103



4.4. CONCLUSION

Alumina aerogel prepared by the sol-gel method using a supercritical
drying technique showed better thermal stability when compared to conventional alumina
obtained by thermal dehydration of boehmite. The improvements in the thermal stability
of yttria doped alumina aerogel were attributed to both the sol-gel method (inducing the
formation of small sized alumina particles) and the formation of Y-alumina species.
These species, which were confirmed by 27A1 MAS NMR and XRD, are believed to
retard the sintering of alumina particles and delay the o-phase transformation, thus

increasing the thermal stability of the material.
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4.6. AUTHOR’S NOTES AND SIGNIFICANCE OF PAPER TO
THESIS

Transition y-alumina is by far the most widely used catalyst support in petroleum,
chemical and pollution control processes. However, the thermal stability remains the
most significant drawback of y-alumina at high temperature reactions (Thermo-Catalytic
Cracking (TCC)). This work has addressed this particular setback of alumina. We have
examined the influence of the chemical (sol-gel) and physical (drying) processing

technique on the pore structure and on crystalline structure transformation in alumina. It
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was concluded that yttria doped alumina aerogel is more thermally stable than undoped
aerogel and conventional alumina. The higher thermal stability was attributed to the
combined effect of sol-gel method and yttria. This work is of great significance to thesis,
since it clearly showed that alumina could be stabilized up to 1100 °C by incorporating
yttria via sol-gel method. Thus, used effectively as a catalyst support for the TCC process
and other high temperature reactions (i.e. Three-Way Catalysts (TWC)).

The following chapter investigates the hydrothermal stability of yttria doped
alumina aerogel, which is very critical for the TCC process. Steam is co-fed in the
process along with hydrocarbons in order to lower the partial pressure of hydrocarbons
and partially removed carbonaceous (coke) deposits. However, steam could have a
negative impact on the catalyst, particularly the alumina-based support. This is attributed
to the fact that surface area loss and phase transition of alumina are greatly facilitated by
the presence of steam. Therefore, it is essential to determine whether yttria doped

alumina aerogel is hydrothermally stable or not.
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Chapter V

Evaluating and Understanding the Hydrothermal
Stability of Alumina Aerogel doped with Yttrium
Oxide, used as a Catalyst Support for the Thermo-
Catalytic Cracking (TCC) Process
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ABSTRACT

The current work presents results concerning the hydrothermal stability of yttria
doped alumina aerogel, which was prepared by the sol-gel method using a supercritical
drying technique. The influence of atmospheric steam at 750 and 1000 °C on the rate of
sintering of yttria doped alumina aerogel with various yttria contents was investigated.
BET N; adsorption measurements, X-ray diffraction, thermogravimetric analysis, FTIR
of adsorbed pyridine, and 'H and *’Al MAS NMR were used for characterization of solid
samples. It was found that the hydrothermal stability of yttria doped alumina aerogel was
greatly improved compared to alumina aerogel and conventional alumina. This was
evident from the decrease in the loss of surface area and pore volume, and the
minimization of structural transformations. These significant improvements were
attributed to the combined effect of sol-gel method and the presence of yttrium ions.
Yttria doped alumina aerogel with various yttria loadings - when compared to undoped
alumina aerogel - exhibited lower concentrations of surface -OH groups, higher amounts
of bridged -OH groups and lower degrees of crystallinity with smaller particle sizes. It
was also observed that the thermal and hydrothermal stabilities of both yttria impregnated
alumina aerogel and conventional alumina were improved but to a much lower extent.
These improvements were attributed to the presence of yttria, and subsequently the
formation of surface yttrium aluminate. This structure was found to be more thermally
stable than bare alumina, due to the presence of fewer surface defects and -OH groups.
Therefore, it was concluded that in order to observe the most effective role of yttria, it is

quite essential to incorporate it into the alumina structure via the sol-gel technique.
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5.1. INTRODUCTION

In recent years there has been much interest in the production of light olefins (i.e.
ethylene and propylene) from the petroleum feedstocks. The market demand for ethylene
and propylene in year 2000 was 89 and 51 million tons, respectively and will increase
(projection) by year 2010 to about 140 and 90 million tons, respectively [1]. The increase
is driven largely by the escalating demand for the production of polyethylene and
polypropylene, which was estimated to be approximately 110 million tons of polyolefins
in 2005 (70 million tons of polyethylene and 40 million tons of polypropylene) [2,3].
Several light olefin technologies have been developed and are currently used for the
production of ethylene and propylene; including Steam Cracking (SC), conventional
Fluid Catalytic Cracking (FCC), ZSM-5 modified FCC, and Deep Catalytic Cracking
(DCC) [4-6]. However, these current technologies cannot respond sufficiently to the
rapidly growing demand for propylene, which is growing at much faster rate than
ethylene, since propylene is only produced as a co-product of ethylene production [2,3].
In addition, the high-energy consumption and the increasingly stringent environmental
regulations that require low green house gas emissions are also putting a pressure on the
main light olefin technology (SC) [3].

Thermo-Catalytic Cracking (TCC) of petroleum feedstocks for the production of
light olefins has been developed in an attempt to overcome some of these challenges [7-
15]. This emerging technology is considered more advantageous than others since it
produces higher combined yields of ethylene and propylene, it requires lower energy
consumption and is more environmentally friendly process. In one of its several versions,

the TCC process employs supported metal oxides catalysts (i.e. bi-oxide M0O3-CeQOy),
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which operates at mild temperature (725-750 °C) and in the presence of steam. Therefore,
it is important to evaluate the thermal and hydrothermal stability of the catalyst support,
as well as its ability to promote a homogenous dispersion and distribution of active
species and promoters at high temperature.

Conventional y-alumina was found to have poor thermal and hydrothermal
stability, and also to show a weak ability to homogenously disperse active species at high
temperature [16-23]. Thus, to overcome these setbacks, alumina doped with Y03 was
prepared via solution-sol-gel using supercritical drying technique [14,15]. The resulting
yttria doped alumina aerogel exhibited outstanding physico-chemical properties, when
compared to conventional y-alumina. It displayed high surface area, and enhanced
thermal stability [14]. Furthermore, it was characterized by superior ability to
homogenously disperse the active species and the promoters at quite high calcination
temperature [15]. The overall improvements were attributed to the sol-gel method, and
more significantly to the incorporation of Y,QOj3 into the alumina aerogel structure [14,15].
In addition to these enhanced properties, the hydrothermal stability remains an important
property to examine. Steam is co-fed in the TCC process along with hydrocarbons in
order to lower the partial pressure of hydrocarbons (i.e. minimize the condensation-side
reaction rate), and partially removed carbonaceous (coke) deposit (C + HyO — CO + Hy)
(4). However, steam could have a negative impact on the catalyst, particularly the
alumina-based support. This is attributed to the fact that surface area loss and phase
transition of alumina are greatly facilitated by the presence of steam [19-25]. Johnson
[19] has investigated the effect of steam on the rate of sintering of alumina and

concluded, “The main role of steam is to maintain the surface concentration of hydroxyl
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groups leading to an increase in the rate of sintering”. Therefore, in this present work, we
attempt to analyze and evaluate in details the hydrothermal stability of yttria doped
alumina acrogel under the TCC and harsher conditions. In addition to that objective, we
would like to examine another interesting feature. It was noted [14,26,27] that Y,0s
played a major role in improving the thermal stability of alumina aerogel. This was
observed when yttria precursor was incorporated into the alumina aerogel structure via
the sol-gel preparation (one-pot synthesis) [14,26,27]. We would like to investigate
whether yttria will exert a similar effect on the thermal and hydrothermal stability if it is
added onto the alumina via the impregnation method. It is worth mentioning that the
outcome of this work will be of great significance to other industrial applications that
require the presence of steam at high temperature such as methane steam reforming for
hydrogen production [28].

To the best of our knowledge, no work has been reported yet in the literature on
hydrothermal stability of yttria doped alumina aerogel, and only scarce reports [29]
available on the role of yttria on the thermal stability of alumina, via impregnation.
Therefore, in order to fulfill our objectives, conventional alumina, undoped alumina
aerogel, and a series of yttria doped alumina aerogel and yttria impregnated alumina
(conventional alumina and alumina aerogel) with variable amounts of Y,0O3; were
prepared. They were thoroughly characterized by diverse techniques such as Brunauer-
Emmett-Teller (BET) surface area, X-ray diffraction (XRD), gravimetric thermal analysis
(TGA), Fourier transform infrared spectroscopy (FTIR) of adsorbed pyridine, and 'H and

27 Al solid-state Nuclear Magnetic Resonance (‘H and *’Al MAS NMR).
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5.2. EXPERIMENTAL
5.2.1. Materials
Yttria doped alumina aerogel

The yttria doped alumina aerogel was prepared by previously reported synthetic
technique [14,26,27], using aluminum tri-sec-butoxide (Strem chemicals, 98 %) and
yttrium (III) nitrate hexahydrate (Strem chemicals, 99.9 %) as precursors. The Yttrium
concentration was varied in order to have 5.0, 10.0 and 20.0 wt.%. Y,03-Al,03 with
different Y,Os contents is noted as xY»03-AlLO3;, where x is the Y,03 content in wt.%.
The preparation procedures for undoped alumina aerogel noted in this text as alumina
aerogel were similar to that of yttria doped alumina aerogel, except no dopant was used.
Yttria impregnated alumina (i.e. conventional alumina and undoped alumina aerogel)

The required amount of yttrium (III) nitrate hexahydrate was dissolved in distilled
water and then impregnated onto alumina. After impregnation, samples were first left at
60°C for 10 h for slow evaporation of water, dried overnight at 120 °C and finally
calcined in air at either 750, 1000, 1100, or 1200 °C for 6 h. Two different aluminas were
used; conventional alumina, and alumina aerogel. The conventional alumina (y-form, fine
powder) was available commercially from (Strem Chemicals) and noted as conv.alumina.
Y,0Os/alumina with different Y03 loadings are noted as xY,0s/alumina, where x is the
Y,0; content in wt.%. Prior to impregnation, the supports were calcined at 750 °C for 6
h.
Extrudates

The extrudates of all prepared supports were obtained by extrusion with bentonite

clay (Aldrich), (Spectrum products, 20.0 wt.%). They were dried overnight at 120 °C and
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then calcined in air 750 or 1000 °C for 3 h, depending on the test conditions. These
extrudates were prepared and used solely in the hydrothermal stability tests.

5.2.2. Characterization

5.2.2.1. The specific surface areas and pore volume of samples were determined by the
BET method using nitrogen physisorption at 77 K. The measurements were carried out
using Micromeretics ASAP 2000 apparatus. Samples were outgassed in a vacuum for 3 h
at 220 °C before N, physisorption. Specific surface areas were calculated by a multipoint
point according to Brunauer-Emmett-Teller (BET) method. The Sggr surface area results
were reproducible within + 3.0 m%*/g. Pore volume results were obtained according to
Barret-Joyner-Halenda (BJH) method from the adsorption data, and were reproducible
within + 0.003 cm’/g.

5.2.2.2. X-ray powder diffraction (XRD) was carried out on a Philips diffractometer
equipped with a PW 1050/25 focusing goniometer, which has been automated with the
VisX122D system from diffraction technologies. The Ni filtered Ko radiation of Cu was
used (Ake1 = 1.54051A) and diffractometer was operated at 40kV and 20mA. The
patterns were recorded in the step scanning mode from 5-60°(26) at a detector angular
speed of 0.3 °/min with a step size of 0.05°. The XRD phases were identified with the
help of the JCPDS (Joint Committee on Powder Diffraction Standards) powder files [30].
5.2.2.3. Thermogravimetric and differential thermal analysis (TGA/DTA) was carried out
using the Stanton Redcroft STA 1500 simultaneous thermal analyzer (PL Thermal
Sciences). The samples were heated from ambient temperature to 750 © C under dry air

flow (20.0 ml min™"). The sample weights were ca. 10.0 mg, and the heating rate was 10 °
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C min"'. The average uncertainty in the TGA results was determined to be + 0.9 wt.% for
the weight loss.

5.2.2.4. Fourier transform infrared spectra of adsorbed pyridine were recorded in order to
elucidate the presence of Lewis Acid sites. The transmission spectra were recorded in
Nicolet FTIR spectrometer (Magna 500 model) in the region of 1400-1700 cm™, with
resolution of 4 cm™. The samples in the form of a self-supporting thin wafer were
obtained by compressing a uniform layer of powder (sample/KBr mixture = ca. 0.020g).
The thin wafer was then placed in a pyrex cell and outgassed under vacuum (10" mbar)
at 300 °C for 4 h. Then, pyridine adsorption was carried out at 100 °C for 2 h under
vacuum. After the evacuation, at 100 °C for 1 h, the spectra of adsorbed pyridine were
recorded at ambient temperature. Pyridine (Aldrich) was stored on activated molecular
sieves. The area under each Lewis IR band was calculated using the Omnic software after
correcting the baseline.

5.2.2.5. YAl Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR)
measurements were carried out in a Bruker NMR spectrometer model DSX-300
(magnetic field 7.04 T). *’Al MAS NMR spectra were obtained at frequency of 78.23
MHz with a 20° pulse length of 2 ps and 1 s delay between pulses and a spectral range of
40-75 kHz. The samples were spun at 14 KHz in N; using 4 mm ZrO; rotors, and
typically 540 FID were collected for each sample. The chemical shifts were measured
relative to external Al (OH,) ** standard with an accuracy of + 0.5 ppm.

5.2.2.6. 'H MAS NMR measurements were carried out in a Bruker NMR spectrometer
model AV-600 (magnetic field 14.1 T). 'H MAS NMR spectra were obtained at

frequency of 600.14 MHz with a 90° pulse length of 1.7 us and 5 s delay between pulses
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and a spectral range of 100 kHz. The samples were spun at 25 KHz in air using 2.5 mm
ZrO; rotors, and typically 32 FIDs were collected for each sample. The chemical shifts
were referenced TMS (0 ppm). Prior to analysis, samples were dehydrated by evacuation
to a pressure below 5 um Hg in a Micromeritics ASAP-2000 instrument (BET apparatus)
at 300 °C overnight. The samples were then transferred in helium atmosphere to a
moisture-free N, atmosphere glove box and packed in sealed tubes. Then, they were
transferred from sealed tubes and packed into ZrO; rotors.

5.2.3. Hydrothermal stability tests

Hydrothermal stability experiments were performed using a Lindbergh one zone tubular
furnace. About 1.0 g of sample extrudate was placed in a quartz tube (55 cm in length
and 1.5 cm in diameter). They were heated at 750 and 1000 °C, respectively for n h (n
=1-24 h) in the presence of steam (H,O flow = 1.1 ml/h) at atmospheric pressure.

5.3. RESULTS AND DISCUSSION

5.3.1 Short review of pertaiing information to the thermal and hydrothermal
stability of alumina

A great number of studies have shown that the thermal and hydrothermal stability
of transition alumina, currently used as catalyst supports for many reactions, is influenced
by several factors [16-24]. These factors include the presence of intrinsic cationic and
anionic vacancies, and more significantly the surface -OH groups. Burtin et al [17] stated
that the mechanism by which alumina loses its surface area at high temperature is a direct
result of an interaction between the intrinsic cationic vacancies and anionic vacancies.
The latter is also formed by the dehydroxylation of surface -OH groups. The outcome of
that reaction is the annihilation of these vacancies, and subsequently the destruction of

the spinel lattice and structural rearrangement of constituent ions. Johnson [19] suggested
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that the surface hydroxyl groups play a major role in alumina stability. In his proposed
model, he stated that particle growth (sintering) occurs by successive elimination of water
from two -OH groups residing on adjacent particles, close to an area of contact (19-22).
These groups interact through lateral hydrogen bonding [19-22,31]. Subsequently, this
will generate Al-O-Al bond, which will bring more -OH groups into adjacency
(condensation). A diffusive process is expected to follow condensations to form “necks”
between particles. Finally, small particles will grow to larger ones accompanied by
significant surface area loss [19]. Whatever the case may be, it is quite evident that -OH
groups play the foremost role in alumina sintering, and subsequently in the thermal and
hydrothermal stability. The presence of steam is expected to significantly (participate in
increasing) the rate of sintering [19-25]. This can be attributed to the main function of
steam, which is to maintain the concentration of surface -OH groups that are mainly
responsible for the nucleation, and particle growth of transition alumina as described
above. The ability of steam to rehydroxylate (rehydrate) the surface of alumina is
enhanced by the presence of Lewis acid sites (coordinative unsaturated (cus) cations),
which are formed as a result of the dehydroxylation (32-34). In the dehydroxylation
process, an oxide ion is lost and hence an oxygen vacancy should be created in order to
maintain the electrical neutrality of the structure (2<OH>"5. - (H,0) + <0?>% 5.+ <> %"
2-) [17]- This will give the rise to the coordinative unsaturated sites (Lewis sites). These
sites will allow the interaction with water vapor via a two-step mechanism, which can be
summarized as follow (OM™'0%* + H,0 - HOM™ OH) (U indicates the vacancy or a
coordinative unsaturation) [33-35]. It involves a nondissociative adsorption of water

vapor on a Lewis acid site that will essentially involve transfer of electron density to a
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Lewis acid site (cus Al), followed by dissociative chemisorption of water [33,34].
Therefore, in order to improve the hydrothermal stability, it is essential to have, to some
extent, a low concentration of Lewis sites, which are mainly responsible for the
rehydroxylation process. This can be achieved by reducing the degree of dehydroxylation
process (removal of -OH groups) from the surface. The above can be accomplished by
reducing the number of hydroxyl groups that are responsible for the sintering process. It
is worth mentioning that such reduction should not substaintially diminish the acid-base
properties, or more significantly, the ion-exchange properties of alumina. Moreover, the
degree of dehydroxylation can be minimized by having higher number of bridging -OH
groups (i.e. held by more than one bond) compared to the terminal ones (i.e. held by one
bond) [31]. The latter has been shown to be quite susceptible to sintering process [31].
Furthermore, the contact between alumina particles should be minimized, since
dehydroxylation is enhanced by close proximity of condensing particles [36]. In addition,
the utilization of strong and stable binder (i.e. bentonite) can also play a role in enhancing
the hydrothermal stability. It is also vital to mention that the factors that influence the
thermal stability should be also taken into consideration in order to improve the
hydrothermal stability. This is due to the fact that hydrothermal stability is measured at
high temperature. These factors include the presence of surface defects, degree of
crystallinity (i.e. amorphous, crystalline, etc.), and the crystallite sizes of crystalline
materials (14 and reference therein). The presence of high number of surface defects and

larger crystallites have shown to greatly enhance the sintering process [14].
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5.3.2. Hydrothermal Stability of yttria doped alumina Aerogel

BET surface area, pore volume and XRD patterns

The changes in BET specific surface area and pore volume of different catalyst

supports, which were subjected to steam at 750 °C with different exposure times are

shown in Table 5.1 and Figure 5.1A, respectively.

Table 5.1: Changes in the BET specific surface area (Sggr) of different catalyst supports
(in extrudate form) as a function of exposure time to steam, at T = 750 °C, and H,O flow
rate = 1.1 ml/h®

Duration of

BET Specific Surface Area 1m2/g[

exposure to 0 1 2 3 4 5 7 10 24
steam (h)
) 3.0 13.0 12.0 100 90
Bentonite  14.0 g3y (0.93) (0.86) 0.71)  (0.64)
Comvalumina 107 830, 820 790 780 750 740 720 700
: 078 (0.77) (0.74) (0.73) (0.70) (0.69) (0.67) (0.65)
Alumina 0. 167 165 165 160 157 154 154 149
acrogel 0.82) (0.82) (0.82) (0.79) (0.77) (0.76) (0.76) (0.73)
sowt% 198 188 187 184 182 1790 177 172 168
Y,04-AL0Os 0.95) (0.95) (0.93) (0.92) (0.91) (0.89) (0.87) (0.85)
100wt% 188 185 182 176 176 174 170 170 169
Y,0:-ALO; (1.02)  (0.97) (0.94) (0.94) (0.93) (0.91) (0.91) (0.90)
200wt% 143 135 127 126 126 126 124 125 123
Y,0:-ALO; (0.94) (0.89) (0.88) (0.88) (0.88) (0.87) (0.87) (0.86)

2 No significant area loss was observed as a result of calcination in dry air. ° Number in
parenthesis is the ratio of Sggt of sample exposed to wet air ( in the presence of steam)

to Sger in dry air

It can be seen that the rate of hydrothermal sintering of conv.alumina was greatly

facilitated in the presence of steam at 750 °C, which has resulted in ca. 22 % and 35 %

surface area loss when exposed for 1 h and 24 h, respectively (Table 5.1). Undoped

alumina aerogel showed improvement in the hydrothermal stability. The area loss of

undoped alumina aerogel was ca. 18 % and 26 %, when exposed to steam for 1 h and 24

h, respectively. On the contrary, the influence of steam becomes significantly less
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pronounced in yttria doped alumina aerogel, and in fact it decreases as the amount of
yttria increases from 5.0 to 10.0 wt.%. For example, the area loss for 5.0 wt.% yttria
doped alumina aerogel was ca. 5 % and 15 %, when exposed to steam for 1 h and 24 h,
respectively. Alumina aerogel doped with 10.0 wt.% yttria showed more outstanding
improvements in the hydrothermal stability. This was supported by the small loss in the
surface area when compared to the other investigated supports (i.e. only ca. 1.6 % and 10
% area loss when subjected to steam for 1 h and 24 h, respectively). Although, alumina
acrogel doped with 20.0 wt.% yttria displayed a slightly higher surface area loss than
10.0 wt.% yttria doped alumina aerogel, it is still more hydrothermally stable than
conv.alumina and alumina aerogel. In addition, it was found that Bentonite (extrudate) is
hydrothermally stable, as suggested by the low reduction of Sggr as function of exposure
time to atmospheric steam. It is worth mentioning that the changes in the total pore

volume also followed the same pattern as the surface area loss (Fig.5.1A).
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Fig.5.1A-B: Loss of total pore volume of various samples as a function of different
exposure time to steam at (A) 750 °C and (B) 1000 °C
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Furthermore, the XRD patterns of various investigated supports (extrudates)
subjected to steam at 750 °C show that the diffraction peaks appeared to be quite the

same when compared to the calcined extrudates (dry air only).

1000 °C 1000 °C 1000 °C
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Fig.5.2: (a) XRD patterns of conv.alumina extrudates after exposure to steam at high
temperature; A and B are sample powder [15] and extrudate, respectively. C-F are sample
extrudates exposed to steam for 1, 5, 10 and 24 h, respectively. (b) represents the
undoped alumina aerogel extrudate. (c) represents the 10.0 wt.% yttria doped alumina
aerogel extrudate. (*) y-Al,O3, (+) 0-AL,03, (-) a-Al,O3, and (#) Bentonite
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The comparison between the XRD patterns of 10.0 wt.% yttria doped alumina aerogel
extrudates that was subjected to dry air with those of the same treated with wet air, leads
to the same conclusion of unchanged structure. These results clearly suggest that the
observed loss of surface area was due only to surface and textural transformations (i.e.
condensation between hydroxyls on adjacent particles) and did not involve any structural
transformation (i.e. formation of new phases such as 8, 6 or o).

It is worthwhile noting that the same pattern of improvement in the hydrothermal
stability of yttria doped alumina aerogel compared to alumina aerogel and conv.alumina
was observed at 1000 °C (Table 5.2 and Fig. 5.1B).

Table 5.2: Changes in the BET specific surface area (Sger) of different catalyst supports

(in extrudate form) as a function of exposure time to steam, at T = 1000 °C, and H,O
flow rate = 1.1 ml/h ?

BET Specific Surface Area gmz/g[

Duration of

exposure to 0 1 2 3 4 5 7 10 24
steam (h)

Conv 37.0 , 37.0 37.0 36.0 34.0 34.0 34.0 32.0
alumina 52.0 (0.71)° (0.71) (0.71) (0.70) (0.70) (0.65) (0.65) (0.62)
Alumina 11 86.0 85.0 85.0 85.0 84.0 78.0 76.0 75.0
aerogel .78 (0.77) (©0.77) (0.77) (0.76) (0.70) (0.68) (0.68)

10.0 wt.% 116 105 105 104 103 103 100 101 100
Y,05-Al,04 ~(091) (0.91) (0.90) (0.89) (0.89) (0.86 0.87) (0.86

Note: For symbols, refer to Table 5.1.

For example, the area loss of conv.alumina was ca. 28 % and 37 %, when exposed
to steam for 1 h and 24 h, respectively (Table 5.2). Undoped alumina aerogel showed a
significant improvement, as evidenced by the lower area loss, which was 22 % and 32 %,
when exposed to steam for 1 h and 24 h, respectively. As expected, alumina aerogel
doped with 10.0 wt.% yttria displayed much better hydrothermal stability compared to

the other supports. The area loss, which was significantly lower than those observed with
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other studied supports, was ca. 9 % and 14 %, when exposed to steam for 1 h and 24 h,
respectively. Careful assessment of Fig.5.1B, which displays the total pore volume loss of
different supports as function of exposure time to steam at 1000 °C, displayed similar
conclusion as surface area loss. It was also noted from the XRD patterns of different
supports exposed to steam at 1000 °C (Fig.5.2a-c) that steam has provoked structural
rearrangements to very small extent. On the other hand, it was quite clear that the
structural rearrangements caused by steam were less prominent in yttria doped alumina
aerogel samples compared to other studied supports. For instance, the XRD patterns of
conv.alumina extrudates that were subjected to steam at 1000 °C showed that the
intensity of the reflections that are assigned to a—phase increases when subjected to
steam. In addition, the XRD patterns of undoped alumina aerogel extrudates displayed
that the intensity of the reflections that are assigned to 6—phase increases when subjected
to steam. Although, the reflections that are assigned to the 6—phase start to appear in the
10.0 wt.% yttria doped alumina aerogel extrudates, they were enormously weak and
broad when compared to those observed with undoped alumina aerogel extrudates. The
broadness of these reflections clearly indicate that the 6—phase is not well crystalline.
Therefore, BET specific surface area, total pore volume, and XRD patterns results
have shown that the hydrothermal stability of yttria doped alumina acrogel was greatly
improved compared to alumina aerogel and conv.alumina. The results of all investigated
supports, which were exposed to steam at either 750 °C or 1000 °C, have unambiguously
revealed that the loss of surface area and pore volume, and structural transformation were
greatly minimized according to the following order: yttria doped alumina aerogel,

followed by undoped alumina aerogel followed by conv.alumina.
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Sintering effects of high temperature and steam

It becomes evident that both the sol-gel preparation method and the incorporation
of yttrium ions into the alumina aerogel structure play an important role in these
improvements. Subsequently, these factors should have a direct effect on the number of
Lewis acid sites (the main interaction sites of steam with the alumina surface at high
temperature), which are influenced by the surface -OH groups (i.e. concentration and
structure). Thus, evaluating the dehydroxylation pattern of surface hydroxyl groups and
the Lewis acid sites are of paramount importance in order to elucidate the exact
mechanism of hydrothermal stability.

Thermal gravimetric and differential analysis (TGA/DTA) and FTIR of adsorbed
pyridine techniques were employed in this investigation to examine the dehydroxylation
pattern, and the Lewis sites of different supports, respectively. 'H MAS NMR
measurements were used to investigate the structure of surface -OH groups. It is worth
mentioning that the TGA/DTA analysis was performed on samples calcined at 400 °C, in
order to be able to observe the dehydroxylation pattern. Whereas, the FTIR of adsorbed
pyridine was carried out on samples that were calcined at 750 °C, which is the same
temperature used to evaluate the hydrothermal stability. The TGA results obtained with
conv.alumina, alumina aerogel, and yttria doped alumina aerogel with different yttria
loadings are shown in Table 5.3 (The TGA/DTA graphs are not shown here). The first
weight loss in the range 25-250 °C, which was accompanied by an endothermic peak is
primarily due to the removal of physisorbed water held on the surface by hydrogen
bonding. The weight loss observed above could be also due to the removal of water held

in the small pores (Table 5.3). The second weight loss in the range of 300-750 °C (very
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broad endothermic peak) corresponded to the loss of water due to dehydroxylation of the
surface. Thus, the approximate amounts of surface OH removed upon dehydroxylation by
heating between 300-750 °C (N (OH) in moles/g of alumina) were determined by
counting 2 moles of OH groups for 1 mole of water evolved. It is quite apparent from
data of Table 5.3 that the dehydroxylation pattern was significantly influenced by the
structure of the support. Conv.alumina displayed OH loss of about 0.28 (107 moles/g)
while the number for undoped alumina aerogel was much higher (0.98 (10 moles/g)).
However, the OH loss for yttria doped alumina aerogel was continuously decreasing as
the amount of yttria doped into alumina aerogel increased (Table 5.3). Therefore, it can
be inferred from these results that undoped alumina aerogel had higher concentration of -
OH groups, whereas the concentration of these removed groups decreased as the content
of yttria doped into alumina aerogel increased. It is worth mentioning that the noted
weight loss in the region of 300-750 °C was a continuous mass loss. In addition, the
observed weight loss should be entirely due to the dehydroxylation, since the DTA curves
did not show any exothermic peaks that can suggest a decomposition process for

instance.
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Table 5.3: Approximate quantity of -OH groups lost, and distribution of
(subsequently formed) Lewis sites upon calcinations in dry air

Coordinative unsaturated Lewis Acid Sites (Al cus)
Amount of -OH lost  Estimated area of Lewis Sites observed at 750 °C

(Arbitrary unit) ¢
Sample N(OH) N(OH) wAle—O-0-
( 1 0-2 (1 0-2 [ L VIAlcus"py O'VIAlcus -py A lcus'l:)y
moles/g)® moles/g)° ! 42(};'1 4]1 50 [py-L]o [py-Llos [py-L]
( cm-'l) (1595 (1610-1620 (1625
em™) em™) cm™)
[l : Vacancy
Conv.alumina 0.39 0.28 3.28 0.84 0.25 0.0
Alumina 1.33 0.98 7.31 1.28 0.47 0.0
aerogel

5.0 wt.% 1.11 0.85 5.52 1.09 0.32 0.0
Y,0;-Al,03

10.0 wt.% 0.92 0.44 4.87 1.17 0.12 0.0
Y,0:-Al,0;

20.0 wt.% 0.78 0.14 3.45 1.13 0.0 0.0
Y,0;-Al,04

10.0 0.22 0.05 0.55 0.0 0.0 0.0
wt.%Y,0s/

conv.alumina
10.0 wt.% 0.95 0.42 0.78 0.0 0.0 0.0
Y,0/

Al,Os aerogel

?The area under the Lewis IR band was calculated using the Omnic software after
correcting the baseline. ® Amount (or Number (N)) of -OH lost in the region 25-250 °C
(physisorbed water). ° Amount of -OH lost in the region between 300-750 °C

The FTIR of pyridine adsorption technique was also employed in order to reveal
the presence of Lewis acid sites. Figure 5.3 shows the presence of several IR bands,
which are characteristics of different types of Lewis acid sites [35,37,38]. The observed
bands, which are more sensitive to aluminium coordination and structural vacancies were
1595, 1610-1620, and 1625 cm™ (37 and references therein). The band observed at 1595
cm” is ascribed to Lewis coordinated to viAles ions ([py-L]o) [37]. The band observed at

1610-1620 cm™ can be ascribed to pyridine Lewis coordinated by an viAl-Aly cation pair

([py-L]o,t) [37], or to vacancies shared by two AP’ jons according to Busca’s model [35].
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The band observed at 1625 cm™ is ascribed to pyridine Lewis coordinated to vAlg,s ions
([py-L]o) [37]. The band observed at 1440-1450 cm™ is also ascribed to Lewis sites [38].
Figure 5.3 shows the FTIR spectra of pyridine adsorbed on conv.alumina, alumina
aerogel, and yttria doped alumina aerogel with different yttria loadings (all being calcined
at 750 °C), and the approximate concentrations of different Lewis acid sites are reported
in Table 5.3 (the extinction coefficients of these adsorbed pyridine peaks being assumed
to be equal). It is clear from Fig.5.3 and Table 5.3 that alumina aerogel has a higher
number of Lewis sites when compared to conv.alumina, as suggested by the higher Lewis
site band area. Furthermore, the number of these sites decreases as the amount of yttria

doped into alumina aerogel increases, when compared to undoped alumina aerogel.

o
R T
A

v T T T T T T T T T T
1700 1650 1600 1550 1500 1450 1400

Relative Intensity (arb.unit)

Wavenumber (cm™)

Fig.5.3: FTIR spectra of adsorbed pyridine on; a) conv.alumina, b) undoped alumina
aerogel, c-¢) yttria doped alumina aerogel with 5.0, 10.0 and 20.0 wt.% yttria,
respectively, and f-g) 10.0 wt.% yttria impregnated alumina and alumina aerogel,
respectively. (* Lewis sites)
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Although the alumina aerogel, when compared to the conv.alumina, showed a
higher dehydroxylation rate, and consequently a higher number of Lewis sites, it did not
(surprisingly at first) experience a higher rate of hydrothermal sintering. The main reason
behind the slightly lower rate of sintering of the undoped alumina aerogel can be ascribed
to the sol-gel method, which strongly influenced the degree of crystallinity of the
resulting material, and the structure and concentration of surface -OH groups. In fact, this
aerogel was characterized by a low degree of crystallinity with small particle sizes
compared to conv.alumina, as suggested by XRD and TEM measurements carried out in
our previous communication concerning the thermal stability of alumina [14]. Therefore,
it can be inferred from these results that the degree of crystallinity and particle size by
minimizing the extent of hydrothermal sintering, played a larger role than expected. The
observed significant improvements in the hydrothermal stability of alumina aerogel upon
the incorporation of yttria are ascribed to the combined effect of sol-gel method and the
presence of yttrium ions. The utilization of such procedures has resulted in minimizing
the effect of several factors that are believed to favour the hydrothermal sintering. First,
the number of -OH groups, which are well known to play the foremost role in the
sintering, has been reduced upon the incorporation of yttrium ions into the lattice gel. The
reduction can probably be ascribed to an exchange interaction mechanism (cross-
condensation) between yttrium and hydroxyl groups of alumina aerogel [19]. Data of
Table 3 showed that the dehydroxylation rate, and subsequently the number of Lewis
sites was reduced as the amount of yttria loadings increased. Second, yttria doped
alumina aerogel is expected to contain higher number of bridged -OH group with respect

to terminal ones. This can be attributed to the sol-gel method, which allows in general the
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formation of different types of -OH groups. These groups are the bridging groups
between metal (M) centres (M-OH-M), and the terminal ones (M-OH). The structure of
these groups depends to a large extent on the degree of hydrolysis reaction, which is in
turn dependent on the ratio of water to alkoxide. In our current synthesis, the ratio of
water to aluminium tri-sec butoxide (aluminium precursor) was 2.5, which is very close
to the required stoichiometric ratio of 3.0 [14]. This has allowed an increase in the extent
of hydrolysis reaction (close to completion), and consequently the formation of highly
branched polymeric alumina aerogel instead of linear structure that would have been
observed at a lower ratio (i.e. 1:1 water/alkoxide) [39]. The highly branched structure
would certainly be characterized with higher number of bridged hydroxyl groups over
terminal ones. The presence of bridged -OH groups play a major role in minimizing the
extent of sintering. For instance, hydroxyl groups that are held by more than one bond
(i.e. bridged such as Al,-OH-Al,, Al;-OH-Al,, 3Al,-OH and Al,-OH-Y where Al, and Al;
are octahedral and tetrahedral alumina, respectively) are thus in fixed positions, and
therefore their relative orientation of their O-H bonds and free orbitals is very
unfavourable for H-bonding between two adjacent hydroxyl groups [31]. On the other
hand, hydroxyl groups that are held by only one bond (i.e. terminal such as Al,-OH and
Ali-OH) can provide more favourable orientation for H-bonding since they will have
more degrees of freedom [31]. It is worth mentioning that '"H MAS NMR measurements
were in complete agreement with above expectations. Ft-IR spectroscopy can be also
used for that purpose, however poor resolution of the hydroxyl stretching bands in the
region of 3200-4000 cm™ often makes it quite difficult to determine whether any changes

have actually occurred (i.e. appearance of new bands, or modification of existing bands)

130



[40,41]. The ' H MAS NMR spectra of conv.alumina, undoped alumina aerogel and yttria
doped alumina aerogel with different yttria loadings, all calcined at 750 °C are presented

in Figure 5.4.

Bridging -OH groups

Terminal -OH groups
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Fig.5.4: 'H MAS NMR of samples calcined at 750 °C for 3 h. (A) conv.alumina, (B)
undoped alumina aerogel, (C) 10.0 Y203-Al203, and (D) 20.0 Y,03-Al0;

The ' H MAS NMR spectra of all samples clearly suggest a wide distribution of
surface hydroxyl groups of variable basic and acidic strength of different structure (i.e.
terminal and bridged -OH groups). 'H MAS NMR spectrum of conv.alumina (Fig.5.4A)
exhibits several resonance lines at ca. — 0.3 (shoulder), 0.2, 0.7, 1.3 and 1.9 (shoulder)
ppm, which shows that there are five different OH groups present on the surface of
alumina. This is in complete agreement with Knozinger and Ratnasamy model that was
developed for alumina surface [31]. The peak at -0.3 ppm was previously attributed to the

terminal basic OH groups attached to one aluminum atom in octahedral coordination
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(Al,-OH) [31,40-43]. The peak at 0.2 ppm can be also attributed to (Al,-OH) but with an
intermediate basic character [31]. The remaining peaks at 0.7, 1.3 and 1.9 ppm, with the
peak at 1.3 ppm being the most intense line of these lines, are attributed to an overlap of
more than one type of bridged -OH groups (i.e. Al,-OH-Al,, Al;-OH-Al, and 3Al,-OH,
where Al, and Al;are octahedral and tetrahedral coordination, respectively) [31, 40-43].
The low-field shift of these peaks indicates their acidic character. In addition, a very
broad signal was found at 4.7 ppm and assigned to small amount of physisorbed and
chemisorbed water on the alumina surface that probably occurred during transferring
samples into the NMR holder (ZrO, rotor) [43]. Fig.5.4B also indicates that undoped
alumina aerogel has the same types of hydroxyl groups as conv.alumina. However,
Fig.4.4B showed that the peak that is normally assigned to terminal -OH groups (ca.-0.3
and 0.2 ppm) was less resolved and broader when compared to the one observed with
conv.alumina. This could suggest that undoped alumina aerogel contained lower number
of terminal -OH groups than conv.alumina. Yttria doped alumina aerogel with 10-20
wt.% Y,0; loadings (Fig.5.4C-D), when compared to undoped alumina aerogel, showed
that the intensity of the peak that is attributed to bridged -OH groups decreased with
increasing the amount of yttria doped into the alumina aerogel. No significant changes
were observed with respect to the terminal -OH peak. The reduction in the intensity,
which may reflect that the population of alumina surface bridged -OH groups was
decreased, can be attributed to an interaction mechanism between alumina aerogel
hydroxyl groups and yttrium ions, as stated previously. It is very important to mention
that the appearance of the very broad ca. 4.7 ppm peak (due to physisorbed water) could

have serious implications on our 'H MAS NMR results. For instance, it will be tricky to
p
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distinguish between the real -OH groups and those formed as a result of H-bonding.
Therefore, our observed results should be analyzed with extra caution. Detailed and
thorough investigation of the chemistry of surface -OH groups on alumina aerogel and
yttria doped alumina aerogel with various contents using 'H MAS NMR, which should be
taken into consideration the complete elimination of the ca. 5.5 ppm peak, will be carried
out and the results will be the subject of future publication. Third, yttria doped alumina
aerogel with various yttria loadings displayed a lower degree of crystallinity with smaller
particle sizes, when compared to undoped alumina aerogel and conv.alumina, as
suggested by XRD and TEM measurements [14]. Fourth, it is worthwhile mentioning that
the improvements in the hydrothermal stability of alumina aerogel upon the incorporation
of yttria into the alumina structure can be also attributed in part to the fact that yttria
forms fairly stable Y(OH); on contact with water. This can be ascribed to the highly
alkaline character of yttrium oxide. Fifth, the utilization of stable and strong binder
(Bentonite (Table 5.1)) also played a small role in the improvements of the hydrothermal
stability. This effect appeared to exist on all investigated supports.
5.3.3. Thermal and Hydrothermal Stability of yttria impregnated alumina

The thermal stability of both conv.alumina and alumina aerogel was improved
upon the addition of yttria via impregnation method, as suggested by XRD, and BET
specific surface area results. It was clearly observed that there was a delay or retardation
of sintering and phase transformation of y-phase into 0-phase or a-phase, upon addition
of yttria via impregnation method. Furthermore, it was observed that the extent of
stabilization was higher for alumina aerogel than conv.alumina. The X-ray diffraction

patterns of yttria impregnated conv.alumina, which was calcined for 6h at 750, 1000,
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1100, and 1200 °C, are shown in Fig.5.5. Their XRD patterns results are summarised in

Table 5.4.

Table 5.4: X-ray diffraction pattern results of the conventional alumina, undoped
alumina aerogel and yttria doped alumina with various yttria loadings “

Sample

Conv.alumina
[15]

5.0 wt.% Y,0s/
conv.alumina
10.0 wt.% Y,03/
conv.alumina

20.0 wt.% Y,05/
conv.alumina

Alumina aerogel
[15]

5.0 wt.% Y,0s/
alumina aerogel
10.0 wt.% Y,05/
alumina aerogel
20.0 wt.% Y,05/
alumina aerogel

Calcination Temperature (°C)/6 h

750 °C 1000 °C 1100 °C 1200 °C
C(.-A1203 +
'Y-A1203 9-, and (X,-A1203 traces of G-phase a-Ale3
-AlLO; + tr
¥-ALO; v-ALO; 0-ALO; + YAIO; ¢ Y Aloj“’es
-AlLO; +
'Y-A1203 'Y-A1203 6-A1203 + YA]O3 GY A2102
YAIO;+ Y,0; +
+ +
Y,0; Y,0s+ YAIO, 293 YAIO; traces of a-
traces of 0-AlL, 03
ALO;
v-ALOs * 6-ALO; +
-AlLO;
v-ALO; traces of O- traces of a-phase o-ALO;
phase
OL-A1203 +
’Y-A1203 'Y-A1203 6-A1203 +YA103 traces of Y A103
YAIQ; + traces
’Y-A1203 ’Y-A1203 6-A1203 +YA103 of (X-A1203
YAIQ; + traces
+
Y,05 Y,0;+ YAIO; YAIO; of a-ALO;

2 v-AL,O3 (JCPDS No. 10-425), 8- AL,O3 (JCPDS No. 35-0121), a-ALO; (JCPDS No.
10-173), YAIO; (JCPDS No. 16-219 or 38-222), and Y,05; (JCPDS No. 25-1200)

Conv.alumina being metastable is transformed into several phases with increasing

temperature. The observed phase transformation of conv.alumina in the present

investigation was Yy > 6 — o, which was in complete agreement with previous

investigations [14 and reference therein]. Conventional alumina that was calcined at 750

°C showed the presence of y-phase and at 1000 °C this phase was transformed to both 6-

and o-phase. Calcination at 1200 °C resulted solely in the formation of the a-phase

(corundum). Y,Os/conv.alumina with different yttria loadings (5.0-20.0 wt.%), which
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were calcined at 750 °C showed the presence of y-phase in samples containing 5.0-10.0
wt.% Y,03. However, alumina impregnated with 20.0 wt.% Y,0O3; showed clearly the
presence of segregated bulk Y,O; crystallites. Further calcination of yttria impregnated
alumina with yttria loading of 5.0-10.0 wt.%, to 1000 °C did not result in any changes,
when compared to the same samples calcined at 750 °C. In particular, the XRD pattern of
sample containing 20.0 wt. % yttria showed the presence of bulk Y,0O; crystallites, along
with traces of YAIO;. The latter was probably formed as a result of solid state reaction
between yttria and alumina. It is quite clear that yttria impregnated conv.alumina with
yttria loading up to 10.0 wt.% did not show any diffraction peaks that could be attributed
to either 6- or a-phase. This can be viewed as a clear indication of the improved thermal
stability. However, further calcination of yttria impregnated alumina (with yttria loading
up to 10.0 wt.%) to 1100 °C showed in addition to O-phase, the presence of yttrium
aluminate (YAIlO;) phase. The diffraction peaks of the latter were increased with
increasing amount of yttria. It was also noted that yttria impregnated alumina samples
that were calcined at 1200 °C displayed clearly the presence of a-phase, along with
YAIO3, whose peaks were more pronounced with higher yttria loadings (10.0 wt.%). The
XRD pattern of 20.0 wt.% yttria impregnated alumina showed the presence of several
reflections, which were attributed to bulk yttria and YAIOs; crystallites, along with traces

of a-phase.
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Fig.5.5: XRD patterns of calcined samples at different temperature; A- Conv.alumina, B-
5.0 Y203/A1203, C-10.0 Y203/A1203, and D- 20.0 Y203/A1203. (*) Y-A1203, (+) 9-A1203,
() a-ALO;3 (%) YAIO;, and (<) Y03

The X-ray diffraction patterns of Y,0Oj3/ alumina aerogel, which was calcined for 6 h at
750, 1000, 1100 and 1200 °C, are shown in Fig. 5.6 (also Table 5.4). Comparison
between the XRD patterns of Y,Os/conv.alumina and Y,Os/alumina aerogel reveals that
the thermal stability of alumina aerogel (which was already higher than that of

conv.alumina [14] was further improved upon incorporating yttria via impregnation. This

was evident from the retardation of sintering and phase transformation of y-alumina into
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0-phase and a-phase. Furthermore, the formation of segregated yttria crystallites in yttria
impregnated alumina aerogel with 20.0 wt.% yttria loading was significantly hindered,
when compared to conv.alumina. This can be attributed to the large surface area [14] and
high number of -OH groups observed with undoped alumina aerogel. It is quite important
to mention that the stabilization of conv.alumina and alumina aerogel upon incorporating
yttria (5-10.0 wt.%) via impregnation was noted to be no longer effective at temperature
higher than 1000 °C. This is due to nucleation of YAIO; structure at 1100 °C, and due to
the presence of YAIO; and a—phase at 1200 ° C. Another important point to emphasize is
that the addition of 20.0 wt.% yttria was not so effective in promoting thermal
stabilization of alumina. This is due to the formation of segregated bulk yttria and yttrium

aluminate crystallites.
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Fig.5.6: XRD patterns of calcined samples at at different temperature; A- alumina
aerogel, B- 5.0 Y,0Ojs/aerogel, C- 10.0 Y,0j3/aerogel, and D- 20.0 Y,0s/aerogel. (Note: for

symbols refer to Fig. 5.5)
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Table 5.5 also reports the changes in the BET specific surface area and total pore volume
of yttria impregnated conv.alumina and alumina aerogel with various yttria loadings (5.0-
20.0 wt.% yttria), calcined at different temperature for 6h. It can be seen that yttria
impregnated alumina and alumina aerogel showed higher specific surface area when
compared to its conv.alumina counterpart, irrespective of the calcination temperature
(750 or 1000 °C) and yttria loading (5.0-20.0 wt.%). This can be attributed the
supercritical (or hypercritical) drying of liquids contained in the gel [14].
Table 5.5: Changes in the specific surface area (Sger) and total pore volume of yttria-

impregnated alumina (i.e. conv.alumina and alumina aerogel) as a function of calcination
temperature for 6 h

Calcination Temperature (°C)

Sample 750°C w
SseT PV* Sger PV SeeT PV Seet PV
(m?/ cc/! m’/ cc/! m’/ cc/! m’/ cc/
Conv.alumina 51.0 20.0 7.00
(151 116 0253 Gapp 020 gip 0076 e 00
5.0 wt.% Y,05/ 70.0 32.0 8.0
conv.alumina 10 0210 ey %192 (030) 0126 (gogy 0021
10.0 wt.%
61.0 25.0 8.0
Y,0s/ ‘ 83.0 0.159 (0.73) 0.171 (0.30) 0.120 (0.08) 0.014
conv.alumina
20.0 wt.%
31.0 17.0 7.0
Y,0s/ . 63.0 0.123 (0.50) 0.105 (0.27) 0.066 0.11) 0.011
conv.alumina
Alumina 126 62.0 11.0
acrogel [15] 277 115 046 5% (2 021 (oo 0003
5.0 wt.%
. 137 102.0 11.0
Y2C2)13e/£un‘lnna 192 0.503 0.71) 0.465 (0.53) 0.351 (0.06) 0.062
ge
10.0 wt.%
Y,Oy/alumina 158 0.369 (101 (7)60) 0.349 ((6)54(1)) 0.240 (06&) 0.014
aerogel ) ) ’
20.0 wt.%
. 57.0 31.0 5.0
Yz(zz/re:)lu:lnna 110 0.279 (0.52) 0.204 (0.28) 0.140 (0.05) 0.011

“PV is total pore volume. ° ratio of Sper of sample calcined at xT (°C) to Sger of sample
calcined at 750 °C, where x = 1000,1100 or 1200 °C
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In addition, the N, adsorption results displayed in Table 5.5 are in complete agreement
with the XRD measurements. First, the addition of yttria via impregnation onto either
conv.alumina or alumina aerogel has resulted in significantly improved thermal stability,
as suggested by the decrease in the sintering rate (smaller area loss). Second, the extent of
decrease was observed to be higher for yttria doped alumina aerogel. It was also noted
from Table 5.5 that 5.0 wt.% yttria impregnated conv.alumina or alumina aerogel that
was calcined at 750-1100 °C displayed the higher Sggr area, when compared to the bare
support or other yttria loaded samples.

The loss of specific surface area of yttria impregnated conv.alumina and alumina
aerogel after 50 h of calcination at 750 and 1000 °C are presented in Fig.5.7. It is clearly
shown that yttria impregnated conv.alumina and alumina aerogel displayed higher
thermal stability compared to the bare supports. This was observed irrespective of yttria
loadings In addition to that, it was demonstrated that the extent of thermal stability
improvement upon the addition of yttria via impregnation was higher for alumina aerogel
than for conv.alumina. For instance, yttria impregnated conv.alumina with 5.0 wt.% Y,03
that was calcined at 1000 °C for 50 h suffered a loss of ca. 35 % of its surface area, while
alumina aerogel counterpart lost only ca. 18 % of its surface area. The observed loss for
undoped alumina aerogel was ca. 44 %, whereas conv.alumina suffered ca. 69 % loss,

upon calcination for 50h at 1000 °C.
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Fig.5.7: Loss of BET specific surface area (Sggr) as a function of different calcination
temperature at different duration, of yttria impregnated conv.alumina (A) and alumina
aerogel (B) with various yttria loadings, respectively

The change in BET specific surface area of 10.0 wt.% yttria impregnated conv.alumina or
alumina aerogel, which were subjected to steaming at different temperatures with
different exposure times are shown in Figure 5.8 (the correlation factor (R*) was obtained
in order to evaluate the linearity of the noted changes, which in turn may reflect the
extent of surface area loss). It was noted that the hydrothermal stability of conv.alumina
and alumina aerogel were also improved as a result of adding yttria via impregnation.
This was suggested by the small loss in the surface area (Fig.5.8A) and the minimization
of structural transformations (XRD patterns not shown here), when compared to the bare

support. For instance, the area loss for 10.0 wt.% Y,Os/conv.alumina was ca. 6.5 % and

14 %, when exposed to steam at 750 °C for 1 h and 24 h, respectively (Fig.5.8 A), while
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the corresponding area losses for conv.alumina were ca. 22 % and 35 %, respectively

(Table 5.1).
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Fig.5.8: Loss of BET specific surface area (Sggr) as a function of different exposure time
to steam at different temperature, of 10.0 wt.% yttria impregnated conventional alumina
(A) and alumina aerogel (B), respectively

On the other hand, the area loss for 10.0 wt.% Y,QOs/alumina aerogel was ca. 6.2 % and
11 %, when exposed to steam at 750 °C for 1 h and 24 h, respectively (Fig.5.8 B), while

these numbers for alumina aerogel, were ca. 18 % and 26 %, respectively (Table 5.1).
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These results also suggested that the extent of hydrothermal stability was slightly higher
for alumina aerogel than for conv.alumina, upon yttria impregnation. It is worth
mentioning that similar results were observed for 10.0 wt.% yttria impregnated
conventional alumina or alumina aerogel, which were subjected to atmospheric steam at
1000 °C with different exposure time (Fig.5.8 B).

The improved thermal and hydrothermal stability of yttria impregnated
conventional alumina and alumina aerogel with yttria loadings of 5-10.0 wt.% up to 1000
°C, when compared to the bare supports, can be attributed to the yttria. The loading of
yttria via impregnation onto the surface of alumina has resulted in decreasing or
neutralizing the effect of cationic and anionic surface defects, and more importantly in
reducing the number of -OH groups. The TGA and FTIR spectra of adsorbed pyridine
clearly showed that the number of removed -OH groups (Table 5.3) and subsequently the
number of Lewis sites (cus) (Fig.5.3, Table 5.3) were drastically reduced. The noted
effect of yttria occurred most probably through the formation of dispersed yttrium
aluminate structure, which is more thermally stable than alumina and whose presence has
been confirmed indirectly by XRD patterns (i.e. bulk YAIO; crystallites were clearly
detectable at T > 1000 °C). The higher extent of thermal and hydrothermal stability of
alumina aerogel compared to conv.alumina, upon yttria impregnation, can be mainly
attributed to alumina aerogel itself and in turn to the sol-gel method.

5.3.4. Comparison between yttria doped alumina aerogel and yttria impregnated
alumina (conventional alumina and alumina aerogel)

Careful comparison of the properties of yttria doped alumina aerogel, and that of
yttria impregnated conv.alumina and alumina aerogel can lead to one definite conclusion.

The textural properties (i.e. surface area, dispersion) [14,15], and thermal [14] and
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hydrothermal stability of alumina aerogel (current work) were significantly improved,
when yttria was incorporated via the sol-gel, rather than the impregnation method. First,
the surface area was noted to be much higher for alumina aerogel, even after
incorporating the yttria. For instance, the Sggr of 10.0 wt.% yttria doped alumina aerogel
was 319 m%g [14], which is 161 m*g higher than its impregnated alumina aerogel
counterpart (158 m*/g) (Table 5.5). Second, yttria doped alumina aerogel was more
thermally stable [14] compared to yttria impregnated alumina (conv.alumina and
aerogel). This was suggested by the lower area loss and further delay in the phase
transitions, upon calcination at high temperature (Figs. 5.5-6, Tables 5.4-5, and [14]). In
addition, it was concluded that yttria doped alumina aerogel, impregnated aerogel, and
impregnated conv.alumina are only thermally stable up to temperature below 1100 °C.
The instability at higher temperature is due to nucleation of bulk YAIO; crystallites.
Third, the influence of steam at high temperature was less pronounced in yttria doped
alumina aerogel (Figs.5.1-2, and Tables 5.1-2), compared to yttria impregnated alumina
(Fig. 5.8). Fourth, it was possible to incorporate a high loading of yttria (20.0 wt.%) into
alumina aerogel without observing the oxide segregation phenomenon [14], which on the
contrary occurred easily with the impregnated samples (Figs.5.5-6). Fifth, although the
incorporation of yttria into alumina aerogel via sol-gel or impregnation has led to a
reduction in the number of -OH groups, it was apparent that the extent of such reduction
was smaller for yttria doped alumina aerogel (Table 5.3). All this has a practical
consequence: the important properties of alumina such as the acid-base characteristics
and the ability to disperse active species and promoters are significantly preserved. In

fact, we have unambiguously found that the dispersion of mono-oxide MoO; and bi-
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oxide MoOs-CeQ; were significantly improved when impregnated onto alumina acrogel
[15]). We do anticipate that such dispersion will be enormously weakened if yttria
impregnated alumina was used as a catalyst support. The main reason behind these
outstanding properties of yttria doped alumina aerogel when compared to yttria
impregnated alumina can be attributed to the fact that yttria was allowed to be efficiently
inserted into the alumina aerogel lattice (or network). On the contrary, the solubility of
yttria in alumina lattice was quite limited in the case of impregnation method. This was
clearly supported by the Al MAS NMR study. The *’Al MAS NMR of conv.alumina
[14], alumina aerogel [14], 10.0 and 20.0 wt.% yttria doped alumina aerogel [14], and
yttria impregnated conv.alumina and alumina aerogel with various yttria loadings
(current work) are shown in Fig.5.9 A-H. The *’Al MAS NMR spectra of yttria
impregnated conv.alumina or alumina aerogel with various yttria loadings (Fig.5.9 E-H)
reveal the presence of two peaks, at ca. -3.0-7.0 ppm and another one at ca. 57-65 ppm.
These peaks are assigned unambiguously to octahedral and tetrahedral coordinated
aluminium, respectively [44,45]. No change can be observed when comparing these
spectra to those of the bare supports, which were performed during our previous study
(Fig.5.9 A-B) [14]. On the contrary, these spectra are noticeably different from those of
yttria doped alumina aerogel, which were also carried out during our previous study
(Fig.5.9 C-D) [14]. The peak at ca. 33.0 ppm, which was clearly observed in yttria doped
alumina aerogel and assigned to surface distorted Aliey,—O-Y bond) [14 and references
therein], was absent in yttria impregnated conv.alumina or alumina aerogel. Therefore, it
can be inferred from these results that the incorporation of yttria via the sol-gel method

provoked structural rearrangement of the aluminum coordination that played a major role
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in preventing the formation of segregated bulk Y>Os crystallites, and hence decreasing

the tendency of forming large YAIO; crystallites.

Y-containing species

Relative Intensity (arb.unit)

200 ' 1(I)O ' (I) ' -1 I00 ' -2I00
Chemical Shift (ppm)

Fig.5.9: >’ A1 MAS NMR of samples calcined at 750 °C for 6 h. (A) conv.alumina [15],
(B) alumina aerogel [15], (C) and (D) 10.0 and 20.0 wt.% yttria doped alumina aerogel,
respectively [15], (E) and (F) 10.0 and 20.0 wt.% yttria impregnated conv.alumina,
respectively, and (G) and (H) 10.0 and 20.0 wt.% yttria impregnated alumina aerogel,
respectively (* spinning side bands (SSB))

5.4. CONCLUSION

The results presented in this work reinforce our conclusion that yttria doped
alumina aerogel is an effective support for TCC process. It was found that the
incorporation of Y,0j3 into alumina aerogel structure via the sol-gel method has another
significant beneficial role, besides improving the thermal stability [14] and the ability to
homogenously disperse the active species and promoters at high calcination temperature
(15). Yttria doped alumina aerogel with various yttria loadings (5.0-20.0 wt.%) was

highly hydrothermally stable when compared to alumina aerogel and conv.alumina, as
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suggested by N adsorption measurements, XRD, TGA, FTIR of adsorbed pyridine. and
'H MAS NMR. We have also observed that the thermal and hydrothermal stability of
both yttria impregnated alumina aerogel and conv.alumina were improved but to a lower
extent. These improved stabilities were attributed to the presence of yttria, and
subsequently the formation of surface yttrium aluminate. Therefore, it can be concluded
that in order to observe the most efficient stabilizing effect of yttria, it is quite essential to
incorporate it into the alumina structure via the sol-gel preparation technique.
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5.6. AUTHOR’S NOTES AND SIGNIFICANCE OF PAPER To
THESIS

This work on the hydrothermal stability of yttria doped alumina aerogel was the
first article published in the literature on the influence of atmospheric steam at 750 and
1000 °C, on the stability of yttria doped alumina aerogel. This study has shown that the
hydrothermal stability of yttria doped alumina aerogel was greatly improved compared to
alumina aerogel and conventional alumina. These significant improvements were
attributed to the combined effect of sol-gel method and the presence of yttrium ions. In
addition, this work showed for the first time that the thermal and hydrothermal stability
of alumina (conventional or aerogel) could be improved by adding yttria onto the surface
via impregnation method. However, the extent of these improvements was lower than

those observed upon incorporating yttria into the alumina structure via sol-gel method.
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This chapter is of great significance to the thesis, since it demonstrated that yttria doped
alumina aerogel is hydrothermally stable. Thus, it can be used as a catalyst support in the
TCC process, which requires the presence of steam.

The following chapter presents the influence of yttria used as a doping agent for
catalyst support, on the dispersion and the resistance to sintering of MoQj3;, CeO, and bi-
oxide Mo0O3-CeO; species. It is well known that the physico-chemical and consequently
the catalytic properties of supported metal oxides catalysts are influenced by many
factors, however the nature of the catalyst support is one of the most important.
Therefore, it was imperative to investigate in great details the influence of yttria doped
alumina aerogel on the physico-chemical properties of mono-oxide MoQ3;, CeO; and bi-
oxide M003-CeO,, and determine whether this support can show an additional and

unique characteristic beside the high thermal and hydrothermal stability.
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Chapter VI

Catalysts for the Thermo-Catalytic Cracking (TCC)
Process: Interactions between the yttria in yttria
doped alumina aerogel and the mono-oxide MoO;,
CeO,, and bi-oxide M00O;-CeO, species
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Graphical Abstract: Schematic representation of the interaction between Mo, Ce, and
Mo-Ce with the support (Al,O3 and Y,03-Al,03)
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ABSTRACT

The influence of yttria used as a doping agent for catalyst support, on the
dispersion and the resistance to sintering of MoQ;, CeO, and bi-oxide MoQO;-CeO;
species in the TCC catalysts has been investigated. Characterization techniques used
included N, adsorption, X-ray diffraction, Raman, thermogravimetric analysis, and Iso-
electric point (IEP). It was explicitly found that yttria doped alumina aerogel is far more
capable of homogenously dispersing the active molybdenum species and significantly
retarding their sintering at quite high calcination temperature than conventional alumina
and alumina aerogel. Characterization results of supported mono-oxide MoOs catalysts
have clearly indicated that the fraction of (surface) tetrahedral monomolybdate species
increases in the detriment of crystalline MoO; as we varied the support from
conventional alumina to yttria doped alumina aerogel with increasing amounts of the
yttria loading. This can be attributed to the incorporation of yttria into alumina aerogel
network, which led to a change in the support surface charge (IEP) and subsequently the
stability of surface molybdate species. The dispersion degree of ceria (substituted ceria)
on supported mono-oxide CeO, was improved as well, upon using yttria doped alumina
aerogel. Such improvement was attributed to the formation of stronger Ce-Y-O bonds,
and/or the formation of CeO,-Y,0; solid solution. In the bi-oxide MoQO;-CeO,,
characterization results have indicated the presence of surface interaction between Mo
and Ce, probably through the formation of surface “Mo-O-Ce” type p