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II-Abstract

Transition-metal ions -doped y-alumina composites with various dopant concentrations
(Cr'', Fe'', Ce™', Zn*", Mn*",V*" and Cu*" ) were prepared by straightforward template-
free sol-gel method. They were characterized by XRD, FTIR, SEM, NMR and N,
adsorption-desorption isotherm technique. The presence of dopant metal ions, generally,
enhanced the gel formation and their behavior was dependent on the nature of the metal
ion and its concentration. Certain ions, especially Fe**, resulted in rapid formation of a
transparent gel upon hydrolysis. The presence of the acetylacetonate ions (acac) enhanced
the condensation reactions in the sol-gel process and resulted in eventually unique textural
properties of the calcined products including high surface areas, small particle size,
homogeneous mesopores, and enhanced resistance to sintering especially at high dopant

concentrations and elevated calcination temperatures.

The prepared doped y-alumma powders were weakly crystalline at low dopant ion
concentrations, 3%, and became completely amorphous at a concentration of 10%. The
morphology of the particles was also dependent on the dopant concentration. While
dopant concentration of 2% resulted in nano-particles with significant amount of inter-
particle mesopores, 10% concentration led to significant aggregation into larger particles.
The prepared doped y-alumina as well as the undoped y-alumina showed high surface areas
(377 m*/g) and pore volumes (1.65 cc/g) which were largely dependent on the nature of the
dopant metal ions and on their concentrations. While composites with low dopant
concentration, 2 and 3%, exhibited surface areas and pore volumes comparable to those of
undoped y-alumina, a considerable decrease was associated with higher concentrations.
The changes in textural properties were referred to the evident enhanced sintering
associated with high dopant concentrations. Composites with low Cr'" ion concentration,
0.75 and 2%, showed reversible thermochromism where their greenish yellow color
changed to red upon calcinations at temperatures between 500 and 700 °C. Based on NMR
results, occupation of tetrahedral sites by Cr'' jons was preferred over octahedral sites at
low Cr’" concentrations. The composites showed unique textural properties comparable

: - - 4 - : P
with those of high-surface-area porous y-alumina, especially at low concentrations of Cr™".

The catalytic activity of the doped catalysts as well as that of undoped y-alumina was
studied over 1,2-dichloroethan (DCE) at 300°C using FTIR spectroscopy to monitor the
reaction products. y-alumina catalyst doped with Cu(ll) and Cr(lll) ons showed higher

S



conversion than undoped y-alumina. The nature of the products was strongly dependent on
the presence of dopant ions and on the type of dopant. While pure y-alumina resulted.

mainly, in the formation of C:H;Cl, Cu- and Cr-doped catalysts showed significantly

stronger capability for deep oxidation of DCE to CO; on the account of C2H;Cl.
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VIIL. Chapter 1. Literature Review: Introduction about Alumina

and modified Alumina

I.1Introduction

Aluminum (Al) is the most third abundant element, after oxygen and silicon presents in
the earth crust and is richly found in rocks such as feldspars and micas. Due to its low
density and high resistivity to corrosion, aluminum metal is extensively used in diverse
industrial applications ranging from aerospace industry, transportation and structural

materials.

The oxide of aluminum is called Aluminum oxide or Alumina (Al:O3) and it had been
known and used by human beings for many centuries. Many evidences have shown that
Babylonians and Egyptians had used the native alumina in medicine and in dyes as early as
2000 B.C. Around 5300 B.C archeologists in northern Iraq found that pottery was first
made from clays containing aluminum silicate. In 1875, the French chemist Le Chatelier
was the first one who prepared pure alumina by thermal decomposition of aluminum salts
and by sintering bauxite with soda. The worldwide alumina chemicals industry had started
by Charles Martin Hall in the United States and Paul Heroult in France n 1886, and the
current annually world production capacity of alumina is almost 40 million tones. Due to
its unique chemical and physical properties, wide variety ot alumina products are being
commercialized today. For example, alumina is used as an insulating material in many
applications because it has low electrical conductivity and high thermal coetficient value.
In addition, alumina 1s used as a catalytic material because of its high surface area,
mechanical strength and thermal stability. There are other common products that contain
alumima 1n different forms such as: toothpaste, plastics, paper, paint, industrial ceramics,
electronic substrates, refractories, catalysts, abrasives, polishing compounds, selective

adsorbents and many others [1].

In this chapter, we will discuss the main physical and chemical properties of alumina,
its main classifications, some important characteristics of y-alumina, different preparation
methods of y-alumina, the factors that affect the textural , chemical and catalytic properties
of y-alumina, some important applications of y-alumina and later we will mtroduce the

importance of moditied alumina and alumina mixed oxide.
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1.2 Physical and Chemical properties of Alumina

Alumina is a white crystalline powder which has melting point at 2040°C and boiling point at
2977 °C, thus it is stable at elevated temperatures. Its specific gravity 1s 3.7 - 4.0 g/cm" . it has low
solubility in water , however, it adsorbs water vapor very fast. Alumina composes from Oxygen
ions (O%) bonded to Al cations (AI'") and they have various atomic arrangements in lattice
structure which produce seven different crystallographic phases which are: ( 8, y. a, 1. x, © and x)
based on the pressure and the temperature. Naturally occurring alumina minerals exist as : gibbsite

(AI(OH);) s o

The phase transition of each alumina phase under thermal processing of gibbsite,
bayerite, boehmite and diaspore is illustrated in (Figure 1): noting that transformation
between these phases depends on precursor and thermal treatment. At room temperature,
alumina adsorbs water H.O on its surface via AI*" cations and Oxygen ions 07, forming
hydroxyl (OH ) groups [2,3]. The most important and common alumina phases are: a-
Al:0: and y-Al03. The a-AlO; prepared by heating aluminum hydroxides is a finely
divided powder constituted by micrometer sized particles. Moreover, a-Al:0; has many
uses in traditional and advanced ceramics. y-alumina is a very special material and 1s
widely used in the industry as catalysts and adsorbents. In terms ot their crystal structure,
alpha phase has hexagonal close-packed structures in which aluminum ions fill two-thirds
of the octahedral sites, while gamma phase occurs in a cubic spinel structure but converts

readily to the alpha phase at high temperatures [4].
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250°C 900°C 1200°C
gibbsite (Al(OH)) = Y-Al03 2 x-AlL03 = a-Al,0;

20°C 850°C 1200°C
bayerite (A](OH)}) > 1-AlL0y 0-AL,03 = a-Al0;

450°C 600°C 1050°C 1200°C
bochmite (AIOOH) = y-Al,03 = 8-AL,0y = 0-AL0; = 0-Aly0;

50°C
diaspore = a-Al;0s

Figure 1. The phase transition sequence of different types of alumina under thermal

conditions [3].
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1.3 Common Classifications of Alumina

Alumina can be classified either as A) hydrous and non-hydrous alumina or as B) high
and low temperature alumina based on its thermal stability. At high temperature (>
1000°C) , alumina is nearly anhydrous . and they are characterized by hexagonal close-
packed oxygen lattices. Whereas, at low temperature alumina are partially hydrated and are
obtained by dehydration at temperatures not below 600°C. They are characterized by cubic
close-packed oxygen lattices. Figure 2 illustrates the surface of alumina at high and low
temperatures. In addition, low temperature alumina have high catalytic activities due to
their low crystallinity compared with high temperature alumina phases which have high
degree of crystallinity [2-4] . Figure 3 illustrate the Al-O coordination types at low and
high temperatures. At low temperature, the Al cations form four- and five coordination
with Oxygen ions (O:') as shown in (Figure 3a), while at high temperature; the Al cations

form six-coordination with oxygen ions , Figure 3b [5].
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Figure 3. 3D Atomic arrangement of a) four-five coordinated alumina b) six-coordination
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1.4 Characteristics of y-Alumina

y-Alumina exhibits high surface area and porosity, strong surface acidity, good
mechanical strength and thermal stability. Therefore it is widely employed in different
applications especially in catalysis. Due to the importance of alumina in nature and its
growing applications, the need to modify its characteristics is one of great importance. The
most important characteristics of y-alumina that effect is overall performance are: 1)
Textural properties, 2) Structure and surface active sites 3) Adsorption ability and 4)

Thermal stability.
1.4.1 The textural properties of y-Alumina

y-Alumina possesses unique textural properties that include; high surface area, high
pore volume and homogenous pore size. The performance of metal oxides as catalysts or
catalyst supports largely depends on its morphology and textural properties. Mesorporous
materials are particularly important as they offer the advantage of avoiding the pore
plugging that often occurs m microporous solids. Therefore, the preparation of porous
alumina with defined and controllable porous structure has been of great importance. The
textural properties of y-alumina are largely dependent on the employed preparative method
and conditions [3]. Several synthetic strategies have been developed to obtain porous
high-surface-area alumina. The most common synthetic routes are based on sol-gel [4.6]
and precipitation methods [7.8]. In the sol-gel process, the method ot solvent removal
from the gel is very critical and determines the textural properties of the final product.
While supercritical drying results in aerogels with unique textural properties including high
surface areas and total pore volumes, conventional drymg usually results in xerogel with
lower surface areas and pore volumes. However, the xerogel processing is often preterred
due to the low cost and easier processing [9]. In addition, template substances and organic
additives have been widely used in the sol-gel synthesis to obtain stable mesoporous
alumina [6,8,9]. On the other hand, alumina prepared by precipitation in aqueous solutions
usually exhibits lower surface areas and pore volumes as compared with the sol-gel-
prepared counterparts [10,11]. For example. in one study [12], the surface area of y-
alumina prepared by precipitation method was 170.8 m*/g. Whereas in another study [13]

3 - s & ~ b
high surface area ~ 358 m*/g were achieved for alumina prepared through sol-gel method.
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1.4.2 Surface active sites of y-Alumina

In applications that include catalytic reactions, surface acid-base sites play key roles.
These sites include O, AI’" and OH". Active alumina can be considered as possessing
both Lewis and Bronsted acidic and basic sites which are considered to be the main source
of catalytic activity of alumima [2]. Hydroxyl groups on alumina surface act as Bronsted
acid sites. However, the removal of H>O (from OH groups) from the surface of alumina by
heating is an important step for the establishment of alumina catalytic activity [2,3].
Removal of H2O (OH groups) creates unsaturated anions (O ) and cations (A [3]. The
dehydration of two neighboring OH" ions from the surface of alumina lead to formation of
strained oxygen bridge that behaves as Lewis base while exposed Al'* behaves as Lewis
acid sites as shown in Figure 4 . These sites significantly determine the catalytic activity
of alumina [2,3,14-16]. Adsorption or chemisorptions of materials over alumina surface are
results from an interaction of the adsorbed substance with Al** cations as electron acceptor

(Lewis acid) and/or OH™ anions as electron donor, Lewis base [2].
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Figure 4. Formation of Lewis acid and Lewis base sites on the surface of alumina after

dehydration to OH groups
1.4.3 Adsorption abilities of y-Alumina

For many years, Activated carbons from different origins have been the major part of
adsorbents that are widely applied for adsorption of toxic materials. For example,
activated carbon was previously used for removal of lead (1I) from wastewater. Nowadays,
alumina is commonly used for adsorption and separation of trace amounts of harmful
elements due to its unique textural properties and the presence of distinctive active sites.
There are two steps involved in the adsorption process on alumina. The first step is
diffusion of particles from bulk solution to the surface of alumina. The second step

involves the formation of bonds between adsorbate and alumina surface sites [2]. The two

22



rcasons which made the alumina to be very distinctive over other materials such as carbon
and ion-exchange resins are; first, it is particularly good at removing very small quantities
of substances from a bulk stream. However, other materials become competitive at higher
concentrations as shown in Figure 5 [1]. The second reason is that alumina selectively
removes different species present in water stream [1]. Figure 6 illustrates general outline of

specics as they are defi y
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Figure 5. Adsorption ability of alumina compared to carbons and lon exchange resins at
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Figure 6. Different functional groups on the surface of y-alumina versus the adsorbed

species adsorption over alumina [1]
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1.4.4 Thermal stability of y-Alumina

Thermal stability of alumina is an important characteristics which make it the most
uscable material in industrial and catalytic applications that require high temperatures in
some reactions such as catalytic conversation of automotive emission and high temperature
catalytic fuel conversions. These conditions require more stable catalysts in terms of
resistance to transformation and to structural damages. Even though, noble metal catalysts
show high catalytic activity, they have low thermal stability besides their high cost. y-
Alumina, in contrast, is significantly more suitable material under severe conditions (17].
However, phase transformation of y-alumina occurs as temperature increases, which also
affect its surface structure [18]. Therefore, there are many ongoing studies on modifying

alumina in order to enhance its thermal stability as well as it surface chemical activity.
1.S Preparation of y-Alumina

There are different well established methods to prepare y-alumina. The old conventional
method involved heating boehmite (AIOOH) between 400-500° (reaction 1), which usually

a & “ ]
produces y-alumina with surface areas below 200 m~/g [19].

AIOOH -2 5 yALO;+H,0 (1)
400-500°C
However, sol-gel method is considered to be the most eftective technique to prepare
alumina with high surface area, pore volume and homogenous pore size distribution. In
addition , Some other advantages of the sol-gel method are its versatility and the possibility
to obtain high purity materials, the provision of an easy way for the mtroduction ot trace
elements, allowance of the synthesis of special materials. In addition, it offers better

control over synthesis conditions and purity of the sample.

The majority of the reported work based on xerogel processing, including studies that
employed template molecules, resulted in surface areas below 300 m*/g and pore volumes
in the range of 0.2-0.8 cc/g [20-22]. In a recent study, it was found that y-alumina can be
prepared in significantly higher surface areas and pore volumes via straightforward sol-gel

synthesis from aluminum alkoxides under non-acidic and template-free conditions [22].
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The sol-gel method is based on the phase transformation of a sol obtained from metallic

alkoxides or organometallic precursors. This sol which is a solution containing particles in

suspension 1s polymerized at low temperature, in order to form a wet gel. The solvent is

removed by drying the gel and the next step is a proper heat treatment. Sols are dispersion

of alumina colloidal particles in a solvent. A gel formation is a process that involves

forming a rigid of nctwork pores of submicrometer dimensions and polymeric chains

whose average length 1s greater than micrometer [23-25].

Sol-gel preparation of Alumina involves tive general steps:

t9
1

Dissolving an alkoxide such as Aluminum Isopropoxide (AIP) or Aluminum
Secondary Butoxid (ASP) in a suitable solvent at defined pH to prevent
precipitations followed by Hydrolysis of the alkoxide precursor to form

pseudoboechmite according the following reaction (2) :

Al(OR)z + 2H.O — AIO(OH) + 3ROH  (2)

Gelation of the solution of colloidal particles where the alumina intermediate
colloidal particles are condensed and linked together through polymerization
reactions to form a three-dimensional network, which results in an increase in the

viscosity, reaction (3):

2Al(OR2) OH———— OR-AI-O-Al-OR + ROH (3)
H (£H

Aging which involves maintaing the gel for a period of time from hours to days
while polymerization or gelation process continues along .

Drying, which involves removing the solvent from the interconnected pore network
by conventional evaporation or supercritical drying that a voids the solid-liquid
interfaces.

Dehydration and densification or calcinations is the last treatment process of gel
and it occurs by heating the porous gel at high temperatures to remove any excess

liquids and to stabilize the alumina. During this process the surface area , a phase
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transtormation ot alumina is occurred and consequently pore volume and pore size
are aftected and they often decrease. Figure 7 summarizes the main steps of sol-gel

method [24-29].
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Figure 7. General flow chart of sol-gel method to prepare porous alumina.
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1.6 Factors that affect the textural, chemical and catalytic properties of Y-

Alumina

The final textural propertics of calcined y-alumina depend strongly on various
preparative conditions and parameters including, the presence of a surfactant, water/Al

ratio, pH, solvent, and calcinations temperature [25, 30-33].

1.6.1 Effect of Surfactant/ Template

The textural properties of mesoporous alumina are similar to the mesoporous silicates,
and they can be tailored by varying the type and size of surfactant agent employed during
the synthesis. Surfactant composes of hydrophilic polar head group and hydrophobic non-
polar hydrocarbon tail. Depending on the polar head group of surfactants, they are
classified into anionic, cationic, non-ionic and non-surfactants. However, the interaction
between surfactant and aluminum precursor is not as strong as silica and exhibit unstable
porosity. This is a major drawback for alumina. Thus, researchers have exerted significant
ettforts on the selection of surfactants employed in the synthesis of porous alumina as the
pore directing agent [25]. Jagadis C.Ray [34] prepared series of mesoporous alumina from
ASB using selected groups of anionic , non-ionic and cationic surfactants and they found
that anionic surtfactant in aqueous solution produced thermally unstable alumina while
cationic surfactants produced alumina with greater textural propertics. Qian hu [35]
obtained mesopourus alumina with mesoporous structure from boehmite sols using non-

ionic surfactants as structure directing agent.

1.6.2 Effect of Water Content

Water plays an important role in the hydrolysis reaction of aluminum precursor. To
obtain porous alumina [36]. Low water content tends to slow down the hydrolysis rate of
aluminum source, however fast hydrolysis rate in high water concentration results in
uncontrolled phase separation of surfactant and aluminum precursor. Kim et al. [37] used
water as initiating solvent for the hydrolysis of aluminum alkoxide during the terminal
reaction step. Water was slowly added into stearic acid and aluminum tri-sec-butoxide
which dissolved into sec-butanol mixture, to form white colloidal sols. They found that

adding excess water into the solution did not improve the formation of mesoporous
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alumina, but it likely decreased the pore uniformity and produced incomplete condensed

alumina structure. These results were in agreement with other's work [38].

1.6.3 Effect of pH

The hydrolysis and condensation process in the synthesis of alumina is strongly
dependent on the pH of reaction medium. At pH values around the isoclectric point (1EP)
of alumina (pH = 7-8), the predominant alumina species in the solution is AI(OH)’s. At pH
< IEP, Al(H:0)¢ cations are mainly presents . pH > [EP, deprotonation of water occurs,
forming [AI(OH)(H-0)s]*" ions that can produce dimeric or polymeric intermediates.
Alumina exhibits a high atfinity for anionic species such as I', CIO", Br, CI, 105", F. With
turther increase of the solution pH, more deprotonation ot water takes place and AlO»
specics form. Alumina displays a high affinity for wide range of cations such as Mg"”,
Ca'?, Sr'*, Ba">,Cu', Pb'* Ni'?, Cd'*. At pH values in the range (4-8), precipitation of Al
hydroxide takes place, often as a poorly ordered solid phase. that is transformed by ageing
mto crystalline aluminum hydroxide (Al(OH)3) or oxide hydroxide (AIOOH), depending
on the pH and temperature [25,39]. The pH also influences the charge of the morganic
precursor species and surfactant head groups which aftect their mutual interaction [40].

Valange et al. [40] reported that ordered mesostructure of alumina with high surface
areas (670-810 m:/g) were obtained in the pH 6-7 of synthesis medium. However, it was
also reported that the synthesis of mesoporous alumina is better to be carried out at pH
close to 7 due to low curvature of rippled alumina sheets which will lead to form
microporous sturcture at pH <7. The interactions between surfactant molecule and alumma
sheets would be weakened by increasing the pH value since the positive charge on the
alumina sheets is decreased and a charge balance matching cannot be provided [25]. In a
recent study. it was found that y-alumina can be prepared m significantly highe surtace

areas and pore volumes via straightforward sol-gel synthesis from aluminum alkoxides

under non-acidic and template-free conditions [22].

1.6.4 Effect of solvent and acid catalyst

The textural properties of alumina were found to depend on the solvent and the
presence or absence ot the acid catalyst. In one recent study [22], aluminum isopropoxide
was dissolved in different alcoholic solvents (1-butanol,2-propanol, 2-butanol, tert-butanol

and toluene) and it was found that alumina obtained in |- butanol exhibited the highest
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surface areas, ~500 m:/g, and very narrow distribution of the observed mesopores,
between 4 and 10 nm. Hydrolysis reaction of aluminum isopropoxide dissolved in
alcoholic solvent was also carried out under acidic and non-acidic conditions. It was found
that the textural properties of alumina prepared from aluminum isopropoxide in alcoholic
solvents in the absence of an acid catalyst were higher than the ones prepared under acidic
conditions. The eftect of the acid catalyst was referred to its role in enhancing the
precursor solubility besides its role in increasing the rate of hydrolysis on the account of
the rate of condensation. Rajan Bosco [26] carried out a study on physical and textural
properties of alumina that were prepared under different basic conditions.
ammonia/alkoxide mole ratio. It was found that decreasing (ammonia/alkoxide) mole ratio
to solvent mole ratio (H.O/Isopropylalcohol) resulted mesoporous alumina with lower
surface area. While, increasing (H.O/lsopropylalcohol) mole ratio to (ammonia/alkoxide

mole ratio) resulted n microporous and mesoporous alumina with higher surface area.

1.6.5 Effect of calcinations temperature

Once the mesostructure of material is synthesized, the surfactant and water should be
removed in order to generate the desired pore structure. Hence, Dehydration or calcination
process i1s an important step in removing water and surfactant to obtain y-alumina, in order
to generate a good catalyst support and to improve the thermal stability of alumina which
can stand for high temperature reactions [18]. Generally, the elimination of water and
removal of surfactant, as well as alumina phase change upon calcination generate
significant amount of pores and internal surface area with increasing of the calcination
temperature. The aluminum atoms inside the structure would be rearranged and resulting
miscellaneous pore coalescence to create thick pores wall and broad pore diameter [41].
This elimination process of surfactant and the release ot water content from alumina gel
should be controlled properly or otherwise, the mesostructure of the alumina will be
disordered. Micropores were observed in alumina calcined below 400°C and high surtace

areas ( ~ 600m:/g) were obtained [9, 42].

The phase transformation from pseudoboehmite to pure y-alumina was found to be only
complete when the calcination temperature increased up to 550°C. The micropores
disappeare as the temperature increased. Micropores in the alumina framework collapse
owing to crystallization of y-alumina phase as the calcination temperature increases [43].

[n general, increasing of calcination temperature from 400 to 1100°C results n alumina
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with larger pore size due to the collapse of pore sturcture regardless of alumina source and
surfactant [44]. However, the surface area and the pore volume usually to decrease when
the temperature 1s increased [45-47]. This phenomenon suggestes that alumina micelles
tend to aggregate into large particles when heated at higher temperature due to the
combination of sintering and phase transformation [9.48]. The different phases of
transition aluminas subsequently follow the changes from y-boehmite to the final Y-

alumina, as illustrated in Figure (1).

1.7 Modified y-Alumina

1.7.1 y-Alumina in mixed metal oxides

Active alumina 1s a multifunctional material with various surface active sites.
Engineering the alumina to contain advantageous surface functionalities and to become
thermally stable material is fast becoming science and is a powerful tool in designing of
selective adsorption sites. Several attempts have been made to improve the efticiency of
alumina by modifying it with other 1ons such as sulfur, phosphorus, chlorine, alkaline-earth
elements and transition metal ions [49].

One of the ways to modify the characteristics of y-alumina and to enhance its
performance in catalysis 1s to dope it with foreign elements, especially metal ions, resulting
in a type of bulk mixed oxides. Mixed oxides can be very interesting materials due to the
unique advantages that they can offer compared with their corresponding single metal
oxides. Very often, they exhibit moditied textural properties, enhanced thermal stability,
and catalytic activity [50,51].

Many methods have been used to synthesize metal-doped alumina, especially the co-
precipitation and sol-gel . Significant number of studies have been reported on attempting
to enhance the alumina properties by doping alumina with different transition metal ions
such as Fe®*, Cr'3, Ce"?, V**. For instance, Loretta Soraro [52] and others used chromia
and chromim-doped alumina pillared clay for vapor phase deep oxidation of methylene
chloride as CVOCs material at temperatures between 300-400 °C . They have shown that
the catalytic activity increased with Cr ions content, and they referred that to the presence
of acid sites located on chromial pillar.

Other researchers [19] prepared two mesoporous alumina samples (one was doped with

Fe ion, and the other without Fe ion) using the sol-gel method, and these samples were

32



tested as catalysts for trichloroethylene combustion. It was found that the crystallite size
tor the alumina catalyst doped with Fe ions was smaller than the crystallite size of pure
alumina and the doping delayed the stabilization of y-alumina with respect to temperature.
In addition, the catalyst with Fe ions doping had better catalytic activity than the pure
alumina catalyst n the temperature range between 100°C to 450°C. Furthermore. they
concluded that alumina catalyst doped with Fe ions introduced an effective arca of
micropores that helped in better performance than the pure alumina catalyst in the
abatement ot chlorinated VOC.

A.P. Ferreiraa, D. Zanchetb [53], studied the_effect of the CeO- content on the surface
of y -Al:Os and the structural properties of CeO>~AlO; mixed oxides prepared by sol-gel
method. The precursor of Al:Os showed a structure of boehmite AIO(OH) and its
crystallinity decreased slightly with increasing the Ce(Ill) ion content. M.Crisan [54] and
others prepared Manganese doped alumina via sol gel method , and they found that Mn
doped alumina showed enhanced catalytic activity in ozone decomposition process.
Christian phlitsch [55] prepared Chromium doped alumina films via sol-gel method for
surface temperature sensor application. I.Khedher [56] prepared Vanadium doped alumina
pillared catalysts for expoxidation of trans-2hexan-1-ol and it was found that doping
alumina with Vanadium ions increased catalytic activity.

J. Sanchez Valente [57] investigated the role ot zinc doped in alumina prepared via sol-
gel method for reduction in Fluid catalytic cracking FCC process . They found that 12% of
Zn exhibited the highest surface area and pore volume, however, the surface area
decreased as zinc content increased due to increasing of spinal phase of alumina. In
another study, Hongmeir Huang [58] studied the eftect ot zinc-doped alumina prepared via
incipient wetness impregnation method on the catalytic activity in COS hydrolysis reaction
(COS + H-O = CO>+ H»S). They tound that deactivation period of zinc-doped alumina
decreased compared with pure alumina. Yuji Torikai [S9] prepared alumina doped with
different metals including Cu'?, Fe'?, Co'*, Cr”, Ni'?, Zn"* and V** via incipient wetness
impregnation method, and it was found that Cu and Co increased the catalytic activity ot

alumina for the selective reduction of NO with ethane.

1.7.2 Anions-doped y-Alumina
One of the ways to modify the characteristics of y-alumina is by adding ions such as

Sulfur, Phosphorus, Chlorine. Addition of sulfur ions to alumina produces sulfated
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alumina. Researchers found that sulfate ions cover the shell of colloidal particles which
prevented the aggregation of sol particles [60]. Thus, sulfate ions help to control
crystallization into bohemite and prevent the colloidal particles from aggregations. In one
study [61] sulfated alumina with different sulfur content were used for Isobutane /butane
alkylation and it was tound that increasing sulfur content up to 14%wt led to an increase
in the selectivity and catalytic activity of alumina. However, further increase in sulfur

content reduces the catalytic activity, the pore volume and the surface area of alumina.

Fluorinated alumina was found to have high catalytic activity. Jianchao Xia [62] and
others used ftluorinated alumina for production of dimethylether and they found that F ions
enhances catalytic activity of alumina up to certain content. When alumina was loaded
with more fluoride ions, it showed lower surface area and weaker acidity. Similarly, the
addition of Phosphorous 1ons on the surface of alumina was also found to enhance the
alumina catalytic activity. Jun Wang and others [63] examined the effect of addition of
phosphorous 1ons on the textural properties and the acidity of alumina. They found that
phosphorous 1ons improved the stability of alumma by moditying acid-base surface
properties. In addition, it delayed the phase transition of alumina from gamma to alpha.
Also they tound that Phosphorous ions decreased the number of Lewis acid sites. In
another study. Phosphorous ions were introduced during the formation of alumina gel, and
it was found that addition of phosphate could eftectively improve thermal stability and

textural properties of alumina [64].

The addition of chlorine ions on the surface of alumina has also been found to enhance
the catalytic performance of y-alumina catalysts. G. Celt [65] prepared chlorinated alumina
by reacting y-alumina with gaseous CCly or HCI for alkylation of isobutene. They found
that chlorination using CCly was inefficient for the reaction, whereas using HCl was able to
catalyze the reaction at temperatures as low as 273 K because HCl interacted with
particular Lewis acid sites on alumina surface and created strong Bronsted sites that are
required for catalytic alkylation.

Among other ions that have been also frequently studied for y-alumina modification are
La’", Ce*'. Ba’', Y*' and Zr*" which have resulted in modified properties of y-alumina
[53,66-68]. Lanthanum oxide, La>O3, has been reported to be one of the best inhibitors of
sintering in alumina [67]. Similarly, yttria-doped alumina showed enhanced thermal

stability, less surface area loss upon clacination, and delayed crystallization [68]. In a
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recent study, y-alumina-supported Ni catalysts, for reforming processes, was reported to
show less Nisintering and C deposition upon doping with ions such as Cs, Mg, Fe, Ce, and

La [69]. There is also a special interest in Fe and Cr-doped y-alumina for various catalytic

applications [70].

1.7.3 Modified Alumina-based alkaline carth metalg

Several studies reported that y-alumina can be modified by doping with alkaline earth
clements. For instance, one study [71] reported that alkaline metals have been
demonstrated as active promoters in numerous heterogeneous catalysts.  Therefore,
alumina-supported mangancse was doped with K and it was found that the catalytic
oxidation of aromatic alcohol increased when K was introduced. Sylvie [72] attempted to
shift the phase transition of alumina towards higher temperature by doping sol-gel prepared
alumina by alkaline earths or lanthanides (Mg, Ce, Ba, La, Pr) using impregnation process
and it was found that there was direct influence of the doping element on the structure of
alumima. The obtained composites showed an increase in surface area where 1% Al-Mg
and , 1.4 % Al-Ce showed surface are of 180 and 163 m*/g. respectively, as compared with
pure Al:O3 which was ( 130 m:/g). However, it was found that the introduction ot alkaline
earth's (Mg, Ba) in alumina resulted, generally, in better specitic surface area than doping
with lanthanide elements such as Ce and La. They also concluded that low contents of
doping element are sufficient to increase the thermal stability of alumina especially when
Ba was used. Furthermore, Tania Montanaria [73], studied adsorption ot CO, CO; and
NOx over alumima with difterent loadings of potassium acetate. It was found that light
doping resulted in weak adsorption of CO: as bicarbonate species and NO, as bidentate
nitrates, while heavy doping resulted in the adsorption ot CO> as bidentate carbonates and
NO-> as polydentate nitrate species. Srinivasan [74] and co-workers studied the role of
sodium on the catalytic behavior of alumina on dehydration of isoporpanol. They found
that added Na impurities modified the catalytic behavior of alumina and affected the
hydroxyl groups and adsorbed pyridine.

While numerous studies have been reported on surface doped y-alumina, few studies
have been reported on sol-gel preparation of transition metal-aluminum bulk mixed oxides.
In addition, few studies have been reported on template-free sol-gel preparation of
mesoporous doped y-alumina without the use of an acid catalyst [75]. In the present study,

powders of y-alumina doped with several transition metal ions were prepared via template-
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free sol-gel method in the absence of an acid catalyst. The gel formation and the textural

properties of the calcmed powders versus the nature of the dopant ions and their

concentrations were studied are discussed in chapter 2.

1.8 Summary

Alumina is a widely used material for its promising chemical, physical, and mechanical
propertics. In addition, duc to its high surface arca and chemical activity; y-alumina has
been used extensively as a catalyst or catalyst support. The strong catalytic activity of y-
alumina results from the active sites present on its surface. These sites include hydroxyl
groups (OH’) which act as Brénsted acid, (O%) which act as Lewis base and AI** which
acts as Lewis acid. There arc several factors that affect chemical, physical and catalytic
properties of alumina including the type the preparative method, the pH of starting
solutions, calcination temperature, and the presence ot additives.

The most common y-alumina preparative methods are based on sol-gel and
precipitation processes. Each method has its own advantages and disadvantages. However,
the sol-gel method usually results in unique homogeneous textural properties. In addition,
it allows some control over the final pore size and the surface area.

Alumina has been used m a variety of applications including medicine,
chromatography, production of H: fuel, and cleaning of waste water from toxic materials.
In addition, 1t is extensively used as a catalyst or catalyst support for many different
reactions such as conversion of methanol to DME, combustion of hydrocarbons
compounds, and catalytic purification for the exhaust of vehicle. However, these catalytic
reactions require high temperatures and for this reason enhancing physical properties and
thermal stability of transition alumina is of primary industrial interest. Generally, the
catalytic reactivity and the stabilization of alumina can be promoted through modifying
alumina by doping it with foreign clements such as anions (F, Cl, P, S) or with alkaline-
earth metals. However, moditied alumina and alumina based-mixed oxides can result in
materials with interesting properties due to the unique advantages that they can ofter
compared with their corresponding single metal oxides. Very often, they exhibit moditied
textural propertics, enhanced thermal stability, and catalytic activity. Few studies have
been reported on template-free sol-gel preparation of mesoporous doped y-alumina without
the use of an acid catalyst. In the present study, powders ot y-alumina doped with several

transition metal ions were prepared via template-free sol-gel method in the absence of an
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acid catalyst. The gel formation and the textural properties of the calcined powders versus

the nature of the dopant ions and their concentrations were studied.
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VIILI. Chapter 2 . Highly porous transition-metal-modified Y-

Alumina: Effect of doping element and preparative conditions

2.1 Introduction

Aluminum oxides are important materials that have been widely studied and employed
m various applications due to unique textural, chemical, and mechanical characteristics
[76]. Their applications included catalysts, catalyst supports, ceramics, and
oxidation/reduction resistant coatings. Due to their wide applications, aluminum oxides
continue to attract the attention of researchers worldwide in efforts to modify their
fabrication aiming at improved chemical and mechanical properties. y-Alumina, in
particular, usually exhibit high surface area and porosity, strong surface acidity, good
mechanical strength, and thermal stability. Therefore, it has been employed widely mn the
tield of catalysis. It 1s an active catalyst by itself for several important reactions such as
dehydration ot methanol to dimethyl ether [77,78] and degradation of volatile organic

compounds [79].

The pertormance of metal oxides, in general, as catalysts or catalyst supports largely
depends on their crystalline structure and textural properties. Besides the role of the
surface area, the pore structure plays an important role in the catalytic activity.
Mesorporous materials are particularly important as they ofter the advantage of avoiding
the pore plugging that often occurs in microporous materials. Therefore, the preparation of
porous alumina with defined and controllable porous structure is ot great importance. The
attempts to prepare mesoporous alumina started immediately after the invention of
mesoporous molecular sieves by Mobil in early 1990s which provided solutions to the

limitations ot zeolite-based microporous molecular sieves.

The textural properties of alumina are largely dependent on the employed preparation
method and conditions. Several synthetic strategies have been developed to obtain porous
high-surface-area alumina. The most common synthetic routes arc based on sol-gel [9,80]
and precipitation methods [81,82]. In the sol-gel process, the method of solvent removal
from the gel is very critical and determines the textural properties of the final product.
While supercritical drying results in aerogel with unique textural properties including high

surface areas and total pore volumes, conventional drying usually results in xerogel with
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lower surface areas and pore volumes. However, the xerogel processing is often preferred
due to the low cost and easier processing [9]. On the other hand. alumina prepared by

precipitation in aqueous solutions usually exhibit lower surface areas and pore volumes as

compared with the sol-gel-prepared counterparts [81-83).

Template substances and organic additives have been typically used in the sol-gel
synthesis to obtain stable mesoporous alumina [34,80.84]). An extensive work has been
reported on xerogel alumina prepared under various preparative conditions using neutral,
anionic and cationic templating surfactants [34,76]. The final textural properties have been
found to depend on the starting solution pH, water/Al ratio, the type of surfactant, the
solvent/Al ratio, the aging period of the gel, and more importantly on the method of drying
the gel [85-88]. The majority of the reported work based on xerogel processing resulted in
surface arcas below 400 m¥/g and pore volumes in the range of 0.2-0.8 cc/g.  In some
studies, non-surfactant organic molecules such as triethanolamine were used as a template
[89]. In a recent study, mesoporous y-alumina was prepared using different saccharide
molecules as templates where the textural properties of the obtained alumina were
dependent on the molecular size of the saccharide template [90]. These preparative
methods resulted in alumina of relatively low surface areas and pore volumes in the range
of 150-300 m*/g and 0.2-0.6 cc/g, respectively. In another study, polystyrene spheres and
a block co-polymer were used as dual templates to produce y-alumina with ordered meso-
and macropores [91]. However, the surface area and the pore volume after calcinations at
500 °C were also low, 167 m:/g and 0.26 cc/g respectively. In a recent study, it was found
that y-alumina can be prepared in high surface areas and uniquely high pore volume via
straightforward sol-gel synthesis from aluminum alkoxides under non-acidic conditions in
the absence of surfactants [79]. Besides the relatively homogeneous mesoporosity, the
obtained alumina showed a noticeable macroporosity which varied depending on the
preparative conditions.

One of the ways to modify the characteristics of alumina as a catalyst support as well as
a catalyst to enhance its catalytic activity is to dope the alumina lattice with toreign 1ons
especially metal ions forming mixed oxides. Bulk mixed oxides are very interesting
materials due to the unique advantages that they can offer compared with the
corresponding single metal oxides. Very often, they exhibit moditied textural properties,
enhanced thermal stability, and catalytic activity [92]. Doping of y-alumina may also

improve its selectivity in reactions. Therefore, these systems are important classes of
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materials for a wide variety ot applications including ceramics. optics, electronics, lasers

and catalysis [93].

Among the 1ons that have been frequently studied for y-alumina modification are La*".
Ce*', Ba®', and Zr*" which have resulted in retarding the sintering and delaying the phase
transformation of y-alumina [53,94].  Lanthanum oxide, La>Os. has been reported to be
one of the best inhibitor of sintering n alumina [95]. Similarly, yttria-doped alumina
showed enhanced thermal stability, less surface area loss upon calcination, and delayed
crystallization [94]. In a recent study, y-alumina-supported Ni catalysts, for reforming
process, wvas reported to show less Ni sintering and C deposition upon doping with ions
such as Ca, Mo, Mg, Ce, and La [96]. Numerous examples are reported in the literature
and significant work is undergoing aiming at fabricating more robust and efficient y-
alumina materials for various applications. In addition, there is a special interest in Fe and
Cr-doped alumina as solid solutions with improved mechanical and catalytic properties

(97].

The traditional ceramic methods that are used to prepare binary or more complex
alumimum oxides involve physical mixing of the powders of the oxides (or oxide
precursors) and sintering at high temperatures for extended reaction times. These reaction
conditions are necessary to promote solid state diffusion since physical mixing 1s limited to
the micron scale. Therefore, chemical routes to the synthesis of mixed metal aluminum
oxide powders and ceramics are increasingly being adopted. The most widely employed
methods are the sol-gel based techniques duec to their versatility and atomic level

homogeneity.

While numerous studies have been reported on doping alumina, few studies have been
reported on sol-gel prepared transition metal-aluminum bulk mixed oxides. In addition,
systematic studies on the additives’ effect on various properties of alumina especially
textural properties as well as correlations with preparative conditions are few.
Furthermore, the homogeneity of the mixed oxide has been always a concern as segregated
oxide of the foreign ion may form. These facts are the main driving force behind the
present work which aims at optimizing straightforward sol-gel route for homogeneous Y-

alumina doped with various transition metal ions.

40



2.2 The Experimental Procedure
2.2.1 Reagents and Materials

Chemicals including Aluminim tri-sec-butoxide (ASB), Cr(NO3)1.9H-0, 2-propanol,
Cr(I1l)  acetylacctonate  (Cr(acac):)  Aluminum tri-sec-butoxide. MnCl,.9H,0,
Zn(CH3CO0):.2H.0,  ZnCl,  CuCly, CuCiH1404.H20, Fe(NO;)3.9H-.0, VCls,
Ce(NO3)3.6H>0, 2-propanol, methanol, toluene and |-butanol of purity > 97% were

purchased from Aldrich and were used without turther purification.
2.2.2 Preparative procedures

y-Alumina doped with metal ions including V(III), Fe(lll), Cr(Ill), Mn(ll). Cu(ll),
Ce(111) and Zn(1l) were prepared via sol-gel method. The aluminum precursor was ASB
while the precursor of the dopant metal ions were metal nitrate, metal acetate, or metal
acctylacetonate precursor. In a typical experiment, an example of Al-Cr composite, 6 ml
(0.023 mol) of ASB was dissolved in 200 ml 2-propanol and the desired amount of the
chromium nitrate precursor was dissolved in 50 ml 2-propanol separately. Methanol was
used as the solvent for Cr(acac)s precursor. The Cr precursor solution was then added to
the ASB solution and the mixture was stirred for 20 minutes. While stirring, 2.0 ml (0.11
mol) of distilled water was added drop wise to the mixture which was stirred for 4 more h
and aged for 16 h in a covered beaker. The solvent was removed from the gels by
cvaporation at around 80 °C. The obtained powders were then dried in an oven at 120 °C
for 1 hour before calcinations at 350 °C and 500 °C for 1 h and S h respectively. y-Alumina
was prepared via the same procedure without the other metal. While 2-propanol was used
as the solvent for all precursors, VCl;, Cu(acac): and Zn(CH3C0OQ)>.2H,0 were dissolved
in methanol. Composites with different compositions were prepared and the formula Al-M-
X will be used to represent the composites where "M" refers to the dopant metal 1ons and

"X" refers its molar concentration calculated as (M/M+A)*100.

It was observed that different metal and metal ions precursors had an effect on the
gelation process. While generally a colloidal gel was observed after the addition of water
and after aging, some precursors resulted in a turbid gel upon mixing the solutions of the
two precursors before the addition of water. These precursors include metal acetate and
metal acetylacetonate produced which a turbid colloidal gel after mixing them with

alumina precursor solution and before addition of H,O.
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2.2.3 Characterization techniques

Powder X-ray diffraction (XRD) analyses were obtained using a Philips PW/1840
diffractometer (40 kV, 25 mA) with Cu-K, radiation, L = 1.542 A = 1.542 A. Data was
collected n the 26 angle range of 20-80 degrees at a rate of 2 degrees/min. SEM
micrographs were obtained using an EFI Quanta-200 scanning electron microscope.

Diffuse retlectance infrared Fourier transform spectra (DRIFTS) were collected in the
4000-400 cm™ range at 4 cm™' resolution using a Shimdzu IR-Affinity-1 spectrometer. The
DRIFTS accessory, from Pikes Technologies, was equipped with a heated cell for in-situ
studies with the capability ot heating to temperatures as high as 900 °C. The samples were
prepared in KBR powder mixtures, 10% by mass. A background spectrum was recorded
for KBr at 25 °C after pretreatment at 150 °C under nitrogen flow, 10 mI/min. The samples
were then heated under the same N: tlow to 400 °C at a rate of 10°min and were soaked
for 20 min before spectra were recorded.

N, adsorption studies at 77 K for surface area and porosity measurements were
conducted on a Quantochrome Autosorb-1 volumetric gas sorption instrument. Samples
were degassed at 150 °C for one hour before measurements. The surface area was
obtained by the Brunauer-Emmett-Teller (BET) method and the pore size distributions
were determined by Barett-Joyner-Halenda (BJH) model from the desorption branch of the

N> 1sotherms.
2.3. Results and Discussions

2.3.1 Formation of mixed oxides

The formation of mixed oxides and the effect of the doping ion on the characteristics of
the final composite depend largely on the method of preparation. The traditional
preparation of mixed metal oxides involves physical mixing and solid state reactions of
parent oxides or oxide precursors followed by high temperature treatment for extended
reaction times. However, sol-gel methods have been widely employed as an alternative
due to lower processing temperatures, versatility, and homogeneity of the final product
properties. In addition, sol-gel routes usually result in composites with unique textural
properties. One of the problems associated with the preparation of mixed metal aluminum
oxides from alkoxides is the fact that alkoxides can have different hydrolysis rates leading

to phase segregation in the gels. Therefore, in the present study we used common
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inorganic salts of the dopant ions, which besides their chemical stability, are cost effective.
In addition, we avoided the use of the commonly used acid catalysts that are usually used
to enhance the hydrolysis and condensation during the gelation process. The non-acidic
conditions would result in slower gelation ot the aluminum hydrolyzed species which
would, in turn, result in thorough and more homogeneous mixing of the aluminum
precursor with the other metal ions. The difterent physical characterization studies of the
prepared doped alumina indicated well dispersion of the foreign metal 1ons in the alumina
matrix. In addition, the final calcined products exhibited unique textural properties
comparable with those of y-alumina alone. Furthermore, various metal ions and difterent
metal 1on precursors resulted in different behavior during the gelation process and difterent
characteristics of the final products indicating different modes of interaction of the metal
jons with the alumina network. In addition, the homogeneous colors obtained for the
solids after calcinations and the thermochromism observed for some ions, as discussed
below, is an evidence of the homogeneous incorporation of the metal ions in the alumina
matrix. Table | shows the colors of the calcined composites and the color of the

corresponding single metal oxides.
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Table 1. Colors of the bulk mixed oxides vs. the colors of the corresponding single metal

oxides. The color of pure y-alumina is white.

M" M"™ (%) M" Precursor The mixed oxide | Single metal
oxide
O~ e nitrate Greenish-yellow | dark green
2 | nitrate Greenish-yellow | powder
3 nitrate Pale yellow
S nitrate Yellowish-green
10 nitrate Yellowish-green
5 acac Light green
10 acac Light green
Fe'” 2 nitrate Orange Reddish
3 nitrate Pale Orange brown Fe203
5 nitrate Light brown powder
10 nitrate Orange brown
i 3 chloride Pale yellow brown/yellow
T3 chloride Green
10 chloride Off white
Ce” 3 nitrate White pale yellow-
5 nitrate Oftt white white powder
10 nitrate Pale yellow
Mn - 3 chloride Dark brown Milky white
powder
] chloride Brown-red
10 chloride Dark brown red
Zn'” 2 acetate Light brown White powder
3 acetate Pale brown
10 acetate Oft white
10 chloride white White
powder
Cu” 3 acac Sky blue Blue crystal
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powder

5 acac Sky blue
10 acac Dark blue
20 acac Dark black
10 chloride Dark green

light brown

45




2.3.2 Structure and Thermochromism of A-Cr-x

y-Alumina doped with Cr’* jons was obtained with different Cr:Al molar ratios. As an
example for all metals. The Cr(I11) precursor was well mixed with the aluminum precursor
in the starting solution and no acid catalyst, which is typically employed in sol-gel
synthesis, was used. These conditions would slow down the hydrolysis and condensation
reactions of the aluminum alkoxide precursor allowing tor more homogeneous mixing of
the two precursors on the molecular level, and hence better dispersion of the Cr’’ ions in
the alumimum hydroxide gel matrix would be obtained.

Colloidal gels were obtamed upon hydrolysis which resulted in light blue powders after
drying. After calcinations and cooling to room temperature, the colors were greenish
yellow for Al-Cr-0.75 and Al-Cr-2, and yellowish green for Al-Cr-5S and Al-Cr-10. Al-Cr-
0.75 and Al-Cr-2 showed a reversible change in color to orange-red when heated at
temperatures in the range of 500-700 °C. To our knowledge, the observed
thermochromism of the Cr-doped y-phase of alumina has not been addressed before.
Thermochromism behavior 18 known for the high-temperature stable phase of alumina (a-
phase) containing < 1% Cr'" jons, ruby. where its red color at room temperature becomes
green upon heating at elevated temperatures. The observed thermochromism in the present
study may indicate that the dispersion ot the Cr'" jons occurred via substituting A" jons
resulting in substitutional solid solution similar to what is known for ruby, where Cr ions
substitute Al ions which are all octahedrally coordinated in the alumina corundum
structure.

The change in color of an morganic sohd 1s usually due to a change in its crystalline
phase, a change in ligand geometry, a change in coordination number, or due to lattice
expansion. The thermochromism exhibited by the Al-Cr composites in the present study
can be explained based on lattice expansion which was also suggested for the
thermochromism exhibited by ruby [98]. Ligand Field Theory can be used to explain the
possible lattice expansion and its effect on the color. The structure of y-ALOs is cubic. It
is based on an FCC structure, ABCABC, stacking of oxygen with the aluminum ions
occupying both octahedral and tetrahedral positions, with ~ 30% of Al ions in tetrahedral
sites and ~ 70% in octahedral sites [99]. The change in color from greenish yellow to red
agrees well with the suggested lattice expansion as the red color indicates absorption of
light of lower frequency than that absorbed when the color is greenish yellow retlecting a

weaker crystal field at higher temperatures. This weaker field is due to weaker Cr-O
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interaction and hence weaker ligand field d-d splitting. Powder XRD, “AI-NMR

spectroscopy. FTIR spectroscopy, and textural characterization also indicated well

dispersion of the Cr 1ons m the alumina matrix.

“’ALNMR spectrum of pure alumina, Figure 8 showed the presence of a noticeable
amount of pentahedrally coordinated Al jons. Al', besides the octahedrally and
tetrahedrally coordinated 1ons, A and AI"Y respectively, which are typically present in y-
AlL;0;, indicating some lattice disorder. It is noticed that upon doping. the Al'Y and A1Y
peaks decreased relative to that of A| which may indicate that some Cr*' ions substitute
Al 1ons in these sites. This observation is more pronounce in the spectrum ot Al-Cr-0.75
which suggests that substitution in the lower coordination sites by Cr’' ions is preferred
and hence at low Cr'' concentration, 0.75%. substitution in tetrahedral and pentahedral
positions scems to dominate. This may indicate that the substitution takes place after the

formation of the alumina lattice and substituting octahedral Al sites is less tavored.
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Figure 8. “’AI-NMR spectrum of pure alumina compared with Al-Cr-0.75 and Al-Cr-5
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2.3.3 FTIR spectroscopic characterization

Another evidence for the formation of bulk mixed oxides is obtained from the FTIR
spectra of the products. DRIFT spectra ot the different composites for Al-Cr-Oxide were
recorded at 400 °C and the metal-oxygen bond characteristic absorptions in the spectral
region of 400-900 cm” were compared, as shown in Figure 9. The characteristic
absorptions of Cr:0; in the physical mixture are obscured by the strong absorptions of
alumina resulting n broader peaks and shoulders in the spectrum of the mixture (450-550
cm’'). The spectra of the doped alumina show new peaks as well as shifting mn the
positions of other major pcaks compared with those of pure alumina and the physical
mixture indicating noticeable changes in the vibrational modes of the bulk and the surface,
which represents changes n the metal-oxygen bonding. The spectrum of the composite of
low Cr'" concentration, Al-Cr-0.75, showed sharper peaks and less shoulder peaks as
compared with the spectrum of the physical mixture indicating homogeneous dispersion of
the Cr*' ions in Al-Cr-0.75 and hence less number of new vibrational modes.

However, compared with alumina alone ., it showed a decrcase n the intensity of some
absorption peaks such as that at 538 cm™, and a relative increase in other absorptions such
as that observed at 544 cm™. On the other hand, Al-Cr-2 showed a new strong peak at 495
cm”. The spectra of Al-Cr-10 and Al-Cr-5 showed some broad peaks and shoulders. In
addition, Al-Cr-5 showed a noticeable increase in the absorption at 483 ¢cm™ compared
with all other composites which may reflect difterent modes of incorporation of the e
ions making the structure more complex. These observations and changes m the IR spectra
indicate changes in the vibrational modes of metal-oxygen bonds confirming the
incorporation of Cr’' jons in the y-alumina matrix which means that the modes of Cr*" ion
incorporation and hence the vibrational modes are strongly dependent on the o
concentration. These results indicate hetero-linkage formation in the prepared mixed
oxides and the formation of homogeneous bulk mixed oxides in the cases of low )5

concentrations, < 2%.
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2.3.4 Morphology characterization

The morphology of selected samples was studied by SEM. The samples studied include
alumina doped with V*', Ce*', Cr¥", Fe*', and Zn*' with metal concentrations between 2
and 10%. All composites showed relatively homogencous spherical aggregated particles
with diameters in the range of 100-200 nm. These particles aggregate further into larger
porous particles as shown m Figure 10 and Figure |1 which presents selected SEM

micrographs of selected samples.
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Figure 9. DRIFT spectra ot ditferent AI-Cr Oxide composites.
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Figure 10. SEM micrographs of (a) Al-Cr-02 and (b) Al-Fe-02
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Figure 11. SEM micrographs of (a) Al-Cr-05, (b) Al-Fe-05, and (c) Al-V-10
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2.3.5 The Effect of the Foreign Metal ions And the Precursor on the Gel Formation

Generally, colloidal gels were obtained after hydrolysis and aging. However, the
condensation reactions upon hydrolysis took place more rapidly when the acac precursors
were used as compared with the nitrate or the chloride precursor. This behavior could be
referred to a possible interaction between acac ligands and hydrolyzed aluminum ion
intermediates by proton abstraction enhancing condensation reactions. Rapid condensation
is known to be associated with the formation of a gel network of more cross-linking which
usually shows better resistance to collapsing due to capillary forces during drying [85].
This explanation is well supported by the observed textural properties discussed below.

As an example, the presence of zinc acetate, dissolved in methanol, the gelation process
took place within few minutes after mixing the solutions of the two precursors. This was
cvident by the rapid formation of a white gel just after mixing the solutions and before the
addition of water which became more viscous after water addition. The role of the acetate
ion was confirmed by comparing the behavior of ZnCl, salt, dissolved in 2-propanol,
which gave colloidal gel after the addition of water. A clear solution was obtained upon
mixing both precursor solutions and after the addition of water a colloid started to form
gradually. After stirring for 4 hours and aging for 16 hours, the acetate-containing mixture
resulted in turbid gel while the chloride mixture contained transparent layer and a separate
colloidal gel layer. The same was observed in all cases with different Zn contents. The
rapid gel formation indicates enhanced condensation reactions. As discussed above rapid
gel formation results in a gel with better resistance to pore structure shrinkage [85]. This
explanation is well supported by the observed higher surface areas and porosity of Al-Zn-
10 composites compared with those containing 10% of other metal ions. The rapid
condensation and gel formation could be explained by a rapid reaction between the acetate
ion and the aluminum precursor forming CH3;COOR. This reaction enhances the
condensation process and the possibility for heterolinkage formation resulting in Al-O-Zn
species.

In the cases of Cu(ll), where Cu(acac)> was used as the precursor, when the Cu(acac),
solution was mixed with the ASB solution, a blue viscous gel formed immediately before
the addition of water. On the other hand, when CuCls, in 2-propanol, was used instead, a
clear green solution was obtained upon mixing with the ASB solution and upon the
addition of water, the solution turned blue and a colloid started to form. After stirring for
4 hours and aging for 16 hours, the acac-containing mixture resulted n a turbid gel while

the chloride mixture gave a separate transparent layer and a colloidal gel. The color of the
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acac-containing mixture was much darker blue than that of the chloride before and after the
aging. After drying and calcinations, the two precursors resulted in a green powder. These
observations clearly mdicate a significant role of the acac ion in the condensation and
gelation process. The faster condensation reactions observed in the presence of acac ions
could be referred to a possible reaction of these 1ons with hydrolyzed aluminum precursor

by proton abstraction which would enhance the condensation process.

[nterestingly, particular dopant metal ions, enhanced the formation of transparent gels.
In addition, the behavior of the mixture during the gelation process was dependent on the
nature of the metal ion and its concentration. The strongest effect was observed in the case
of Fe'" ion which resulted in the formation of a transparent gel upon hydrolysis of the
mixture of both precursors. The gel formed even more rapidly at high Fe®' concentration,
10%, where the gel was observed before water addition, in which case the hydrolysis
would take place using the water of hydration present in the structure ot the iron precursor.
It i1s noteworthy that the employed transition metal ion precursors by themselves, in the
absence of the aluminum precursor, would not form a gel but may give a precipitate under
these conditions [100]. This means that the dominant alumina precursor prevented such
precipitation and the presence of the dopant ions enhanced the tormation of the alumina
intermediate gel network. These observations indicate a significant interaction between the
dopant ions and the alumina network which may indicate the formation of hetero-linked
intermediates, Al1-O-M (M = dopant 1on). The formation ot a transparent gel also indicates
a good homogeneity which is expected to result in homogeneous properties in the final

composite.

Other metal ions showed varied behavior that was strongly dependent on the
concentration. The behavior of V?* was, to some extent, similar to Fe'. However, the
formation of the gel was not as readily as in the case of iron. While V¥ in 2% and 5%
concentrations resulted in turbid gels, 10% resulted in a clear gel after hydrolysis and
aging. Chromium ions, on the other hand, showed almost an opposite behavior where 2%
concentration resulted in a clear gel and 10% ot the same ion resulted n a light precipitate.
Mn™" and Ce**, however, did not give a clear gel at any of the studied concentrations and
resulted in a colloidal gel.

The different behavior of Fe*' compared with the other metal ions could be referred to
its ionic radius, 53 pm, which is very close to that of AI’* ion, 54 pm. Similarity in ionic

radii would enhance solid solution formation. In addition, the gel formation and
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homogeneity can be referred to the configuration of Fe*' which adds an electronic factor
that prevents its precipitation. The o configuration results in zero Ligand Field
Stabilization Energy in an octahedral environment which decreases the reactivity of the
wwon ions and, hence, slows down the formation/segregation of iron hydroxide
intermediates.

The general role of the metal ions in enhancing gelation may be referred, in part, to
their tendency to coordinate to the alkoxy groups bound to Al ions enhancing
condensation. However, the variations in their behavior and the dependence of their role

on the concentration are not well understood and are worth further studies.
2.3.6 Powder XRD of Al-Metal oxide systems

2.3.6.1 Composites with different metal ions

y-Alumina is identified by the peaks at 20 angles around 38.0, 46.0, and 66.0 degrees
which correspond to the (311), (400), and (440) planes respectively [101]. It is known that
ions doped into the lattice of an Aluminum oxide may generate defects, by generating
strain into the lattice, and/or result in the formation of new phases [102]. These effects
generally result in a composite ot lower degree of crystallinity as compared with parent
oxides, oxides of each metal alone. The lower crystallinity can be inferred from broader
diffraction peaks in the powder XRD patterns as shown in Figure 12 which displays the

patterns of AI-M-10% of various metals as well as the pattern of pure y-alumina.

As shown in the Figure, the patterns show either completely amorphous or very weakly
crystalline solids. This effect on the crystallization process, which i1s expected to take
place upon calcinations, indicates well dispersion of the dopant ions in the alumina matrix.
In addition, no peaks were observed for any oxide of the dopant metal ions, which strongly
supports the suggested well dispersion of the metal ions which eventually results in
homogeneity in the composites. 1t is noticed that the patterns that show some diftraction
refer to ions of oxidation statc of +2. This could be an indication of less degree of
incorporation in the lattice as compared with ions of +3 oxidation similar to that of
aluminum ion. This makes sense as ions of the same oxidation number of Al are expected
to have a better tendency to substitute Al ions more casily. However, metal ions of +2
oxidation state have a tendency to form the spinel phase of general tormula MAIO4 where

M represent the other metal ion such as ZnAl:O4. The formation of such phase was not
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evident from the XRD pattern which could be due to the amorphous nature of the products

resulting in weak diftraction features.

58



e O Al-Fe10

8000 ~
1 e preeonnim PRI Al-Ce10
) » Al-Cr10
S Al-Mn10

intensity (au)

M

ek |

.mewuhm At iesdionn  A-\/10

2000 _WWW oGS

0 s v T Y T T T T T T : : ! 2>3
20 30 40 50 60 7 i

2 theta (deg)

Figure 12. Powder XRD patterns of AI-M-10 ot ditterent metal ions versus y-ALOs.
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2.3.6.2 Effect of Metal ion Concentration on Crystallization

The XRD patterns of the different composites with 3% and 10% concentration of
dopant metal ions as well as the pattern of undoped y-alumina are shown in Figures 13-15.
The patterns indicate that all composites are either amorphous or very weakly crystalline as
compared with undoped y-alumma which showed a higher degree of crystallinty. It was
also noticed that the doped samples became more amorphous as the dopant ion
concentration increased indicating an enhanced incorporation of the metal ions in the
alumina lattice. Although the formation of segregated oxides of the dopant becomes more
likely at higher concentrations, no such phases were detected by XRD where no features

for segregated phases were observed.

The enhanced amorphous nature and the absence of peaks of segregated dopant metal
oxides present an cvidence of incorporation and well dispersion ot the dopant ions in the
alumina matrix. The fact that the powders were more crystalline at lower dopant
concentration, 3%, indicates a minimum distortion n the lattice as compared with high
concentration, 10%, where the powders were completely amorphous. The more pronounce
eftect of high dopant concentration may also reflect different ways of dopants’ interaction
with the alumina network. The lower crystallinity of the doped samples can be reterred to
possible defects associated with generated strain into the lattice which is known to
accompany doping an oxide with foreign ions [102]. In addition, the presence of excess
dopant 1ons may play a role similar to that of an mmpurity which is known to retard the
crystallization process [103]. The fact that crystallization was further hindered at higher

dopant concentration supports this explanation.

The enhanced hindering of crystallization at higher concentrations may indicate
different modes of metal ions incorporation in the alumina matrix resulting in more
disorder and hence lower tendency for crystallization. In addition, this behavior may
indicate possible formation of segregated metal oxide species on the surface ot alumina
particles hindering the crystallization and growth process. Such segregated oxide particle

could be too amorphous to be detected by XRD.
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Figure 15. Powder XRD patterns of AI-Mn-03, Al-Mn-10 versus y-Al:O;.
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2.3.6.3 Effect of Metal ion Precursor on Crystallization

The XRD patterns, Figure 16, ot the doped y-alumina indicated the formation of very

weakly crystalline solids, where weak and broad peaks that refer to y-alumina only were

observed, or completely amorphous powders as compared with undoped y-alumina which
showed a higher degree of crystallinity. The powders became completely amorphous
when 10% concentration of the dopant based on the nmitrate precursor was used. However,
the same concentration, 10%, of the dopant from the corresponding acac precursor resulted
in slightly crystalline powders. This behavior also correlates with the different textural and

morphological properties that were observed for composites with 10% dopant from acac

precursors as discussed below.
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Figure 16. Powder XRD patterns of Al-Cr-10 from Cr(NO3)3.9H.0 and Cr(acac)sz versus Y-
Al-Os.
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The XRD results clearly indicate the incorporation of the metal ions in the alumina
lattice and the absence of segregated oxide phase of the dopant metal. This incorporation
can take place via the replacement of Al ion sites or occupying otherwise vacant interstitial
sites in the alumina network. Replacing Alions in the lattice is expected to depend largely
on the ionic radius of the foreign metal 1on. The closer the radius of the metal ion to that
of A’ ion, the more likely the substitution to occur and a homogeneous bulk mixed oxide
to torm. However, some metal ions may form a different phase with aluminum ions with a
different structure than y-alumina such as Zn>" which have a tendency to form the ZnAl:O4
of spinel structure. However the amorphous nature of the products did not help confirming
the formation ot'such phases by XRD. Table 2 shows the 1onic radn ot the metals in study

vs. that of AI*" ion.

The substitution mechanism is expected also to depend on the precursor employed.
While it has been reported to take place during calcinations [104], it may take place via
transmetallation reaction at temperatures as low as room temperature in cascs where metal
acetylacetonate, M(acac)a, precursor was used. In this case the foreign metal ions (M™)
replace Al ions in the alumina gel network during the gelation process producing M"™-
containing gel network and Al(acac)s. This mechanism would enhance the homogeneity of
the composite especially if the radius of the metal ion is close to that of the aluminum ions.
The transmetallation mechanism may explain the higher degree of crystallinity of Al-Cr-10
obtained from acac precursor compared with that obtained from the nitrate precursor, see
Figure 16. In addition, the different and unique textural properties observed for the
composites derived from acac precursors, as discussed in a (Section 2.3.7.4), strongly

support this suggestion.
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Table 2. The ionic radii (pm) of the different metal ions in study, r(M™), in 6- and 4-

coordination.

M™ r(M""), 4-Coord.pm r(M""), 6-Coord.pm
Al" - 54

v - 64

cr" = 62
Mn -- S8

Fe" - 55

Cu’ 60 ;-

Ce - 114 (8-coordinate)
Zn" 60 74
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2.3.6.4 Thermal Stability of Metal doped y-Alumina

While several studies have been reported on the enhanced thermal stability of y-alumina
by alkaline and alkaline-earth metal dopants, few studies have been reported on the
stabilization ot alumina structure by transition metal ions. Furthermore, the mechanism of
stabilization is under debate. While some people referred the enhanced stabilization to the
formation of surface layer of foreign metal aluminate [94], others referred the effect to the
formation of a surface layer of the foreign oxide which decreases the surface energy [93].
The eftect of foreign 1ons was also referred to possible occupation of interstitial holes in
alumina lattice and decreasing oxygen vacancies in contact regions that are nucleation sites
for the formation of y-alumina [93] .Further work is needed to confirm the nature of the
effect of the metal 1ons m the present work. Nevertheless. the absence of oxides of the
dopant ions and the observed stability of the y-phase ot alumina indicates well dispersion

of the metal ions in the alumina matrix.

One of the important properties ot materials. depending on the application, is their
textural and structural stability at elevated temperatures. Therefore, selected composites
were calcined at elevated temperatures, as high as 900 °C, and were studied by XRD and
N: adsorption. Al-V-7.5 was selected for an XRD study to evaluate their phase stability
versus calcinations temperature as shown in Figure 17. The XRD patterns after calcination
at temperatures between 500 °C and 900 °C, showed only reflection peaks that represent j-
alumina without any segregated vanadium oxide indicating a good stability of the
dispersed vanadium ions in the alumina matrix as compared with pure y-alumina which
usually starts converting to 6 and y-phases at temperatures between 750 and 900°C. As the
calcination temperature increased, the peaks became sharper and more intense as a

consequence of enhanced crystallization associated with higher temperatures.
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Figure 17. XRD patterns ot Al-V -7.5 and calcinated at difterent temperatures versus the

XRD pattern of pure y-alumina.
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2.3.7 Textural Properties by Nz-adsorption
2.3.7.1 Textural properties of pure y-AlL O,

The employed sol-gel method resulted in pure y-alumina with significantly high surface
areas and pore volumes compared with analogous results for xerogel y-alumina in the
literature. y-AlOj prepared under non-acidic conditions possessed specific surface areas
in the range of 360-380 m*/g and mesoporous structure with pore volumes around 1.4 cc/g
Figure 18. All pure alumina samples showed type-1V isotherms, Figure 19, with a well
defined hysteresis loop that extended into a relatively high P/Po range with continuous N>
uptake at high relative pressures >0.95, indicating the presence of high-range mesopores

and possibly some macropores.
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Figure 19.N> adsorption-desorption isotherms of pure y-alumina.
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2.3.7.2 Effect of Different Metal Dopants on the Textural Properties of y-alumina

According to most of the literature on metal-doped alumina, the incorporation of metal
ions i the alumina matrix results in a decrease in its surface area and pore volume [105].
However, the observed decrease does not necessarily result in poorer performance of
doped alumina. In many cases, doped y-alumina has shown better performance as catalyst
supports compared with pure alumina [105]. In addition. the textural properties of the
doped alumina depend largely on the preparative method. In a study where alumina was
doped with various foreign metal ions using three preparative methods: impregnation of
Al;O3, impregnation of AIO(OH), and sol-gel method, where the other metal precursor was
introduced during the sol-gel transtormation, it was found that the sol-gel method gave the

highest BET surface areas [106].

In the present work, although surface areas and pore volumes decreased for most of the
prepared composites compared with pure alumina, they were comparable to those of pure
alumina in the case of some metal ions. More importantly, they were significantly
improved in most cases where Cr(acac)z precursor was employed. The final textural
properties were dependent on the dopant 1on content, precursors, and the presence ot an
acid catalyst. The fact that the doped alumina retained the desired textural properties of
pure alumina is a significant achievement given the chemical and structural modifications

the metal ions may promote in doped alumina.

The changes in the textural properties upon doping were largely dependent on the
foreign metal ion as shown in Tables 3-4 in this section. Table 3 and Table 4 show the
characteristics of y-alumina doped with 2 % and 3%, respectively, of various metal 1ons.
While some metals resulted in a noticeable decrease in the surface area and pore volume,
other metals retained, to a good extent, the typical high surface area and large pore volume
of alumina. As shown in Table 3 composites containing Cr and Fe showed high surface
areas and pore volumes compared with that of Zn. There is a noticeable difterence
between the characteristics of composites containing 2% and those containing 3% of the
same metal ion. The effect of the metal ion concentration as well as the possible effect of

the type of precursor used is discussed below in section 2.3.7.4.

It is noteworthy to point out that Cu(ll) and Ce(l1l)-containing alumina retained
significantly high surface areas and pore volumes at 3% concentration as compared with

other metal ions such as Fe(111) which showed a considerable decrease in surtace area and
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porosity when the concentration increased from 2% to 3%. The observed variations clearly
indicate that the metal 1on plays a key role in the final textural properties, which may
indicate ditferent modes ot interaction between the guest ion and the alumina network. The
fact that 2% concentration showed only slight, or negligible, eftect on the textural
properties supports the suggestion ot more homogeneous dispersion m the lattice. Based
on these results, 1t can be suggested that doping of y-alumma with transition metal ions

should not exceed 2% if the desired textural propertics are to be preserved.
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Table 3. BET surface area and pore characteristics ot Al1-M-2% after calcinations at 500

o &
M™ M" precursor Surface area (m*/g) Pore volume Pore size
(cc/g) (A%
y-alumina - 377 1.65 174.6
Cr nitrate 323 0.92 113.5
e nitrate 302 0.87 115.4
Zn acctate 226 0.60 1059

Table 4. BET surtace area and pore characteristics of Al-M-3% after calcmations at 500

R

M™ M"" Precursor Surtace area Pore volume Pore size

(m/g) (cc/g) (A°)

y-alumina - 3T 1.65 174.6

Fe nitrate 218 0.47 86.0

e nitrate 280 0.84 120.7

Mn chloride 258 0.56 87.2

V chloride (B 0.53 107.2

Zn acetate 246 0.58 94.4

Cu acac 279 0.77 110.1

Cr nitrate 261 0.46 70.3
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All composites containing 2% and 3% metal ions showed type-1V N,-adsorption-
desoprtion isotherms as shown in Figure 20. All isotherms exhibit a well defined
hysteresis loop n the P/Po range of 0.65-0.85 and a plateau at higher relative pressures

indicating the presence of relatively homogenous mesopores only.
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Figure 20. N> adsorption-desorption isotherms of composites containing 2% and 3% of

various metal ions.
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The BIJH pore size distribution ot all composites containing 2% and 3% metal ions are
shown in Figure 21. They all exhibited sharper pore size distribution compared with pure
alumina indicating more homogeneous pore structures of the composites. While the pore

average diameter varied shghtly, the pore size distributions are generally similar to that of

pure alumina shown in Figure 18.
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Figure 21. BIH pore size distribution ot all composites containing 2% and 3% of various

metal ions versus y-alumina.
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While all composites showed the same trend of surface area decrcase as the
concentration increased, some dopants retained noticeably higher surface arcas than others
as the concentration was increased to 5% as shown in Table 5. In particular, Mn>" and
Ce*' showed the highest surface area and the slowest rate of decrease. It is noteworthy to
remind here that Mn>" and Ce®" are the two ions that resulted in colloidal gels during the
preparation as compared with clear gels in the case of other metal ions. These variations,
although not well understood, indicate that the nature of the metal ion plays a key role in
the gel formation process which eventually atfects the final textural properties, which may

indicate difterent modes ot interaction between the guest ion and the alumina network.
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Table 5.BET surface arca and pore characteristics of A1-M-5% after calcinations at 500 °C.

M"™ M" precursor Surface areca | Pore Pore size

(m*/g) volume (A%
(ccl/g)

Fe nitrate 175 0.44 99.6

Ce nitrate 326 0.78 95.8

Cr nitrate 261 0.46 70.3

Mn | chloride 326 0.82 101.0

Cu acac 217 0.42 77.8

Zn acetate 296 79 109.9
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Table S.BET surtace area and pore characteristics ot AI-M-5% after calcinations at 500 °C.

M" M" precursor Surface area | Pore Pore size

(m*/g) volume (A°)
(cc/g)

Fe nitrate 175 0.44 99.6

Ce nitrate 326 0.78 95.8

Cr | nitrate 261 0.46 70.3

Mn chloride 326 0.82 101.0

Cu acac 2)7 0.42 77.8

Zn acetate 290 0.79 109.9
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Again all powders are mesoprous as indicated by their type-1V isotherms, Figure

with relatively homogencous pore sizes in the range between 50-150 A°, Figure

29

—

23.

However, Cu(ll)-containing powder shows a very sharp pore size distribution compared

with all other composites.

While the eftect of concentration will be discussed for each

metal separately, it is noteworthy to point out that some ions retained higher surface areas

and pore volumes than others at 5% concentration and the metal ion that showed the

s e, S
largest decrease is Fe™ .
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Figure 22 . N adsorption-desorption isotherms of composites containing 5% of various

metal 1ons.
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While concentration of 2% showed no significant changes in the desired textural
properties of y-alumina, 10% concentration was accompanied by a considerable decrease
in the surtace arca and the pore volume indicating a noticeable sintering, as shown in Table
6. The highest specific surface areas at 10% concentration were observed for the Al-Cu.
and Al-Zn composites. While only copper showed small average pore diameter
comparable with previous composites, all others showed a noticeable shift in the average
pore diameter to a larger range of size. The observed smaller surface areas and larger pore
diameters may indicate that higher concentrations of metal ion dopant result n larger
particles associated with larger inter-particle pores. The low range mesopores are likely
due to mter-primary particles voids and the larger pores result from voids between the
larger aggregates of particles. The pore size distributions for all composites of 10% dopant
are shown in Figure 24 which shows, besides the shift of average pore diameters to higher
range, wider distribution of pore sizes as compared with composites of lower metal ion

concentrations discussed betore.

The N: adsorption-desorption isotherms Figure 25 are still of type-1V except that the
hysteresis loops shift to higher relative pressure, P/Po range indicating large mesopores
and some macropores for those that show continuous increase in the adsorption at high
relative pressures, > 0.9. Interestingly, Al-Cu-10 showed a significantly ditterent behavior
from others, where noticeably higher surface area and very sharp pore size distribution of
mesopores, 4-7 nm, was observed. This could be related to the different precursor that was
used, acac, compared with others as discussed in a coming section. The observed
characteristics encourage for further work on additional structural and morphological
characterization of this composite. Another composite that is worth further studies is Al-
Zn-10 which showed relatively high surface area and large total pore volume in the

mesopore range Ol]]y.
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Table6.BET surface area and pore characteristics of AI-M-10% after calcinations at 500 °C.

M™ M"" precursor Surface Pore Pore
arca (mz/g) volume size

(cc/g) (A%)

y-Alumina ASB 377 1.65 174.6
Cr nitrate 188 0.70 148.7
Fe nitrate 7 168 0.58 138.4
Ce nitrate - 126 0.59 188.1
Mn chloride 173 0.71 165.6
Vv chloride i 143 0.60 167.3
Cu acac 2 300 0.45 64.8
Zn acetate 265 0.76 165
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Figure 24. BJH pore size distribution of all composites containing 10% of various metal

ions versus pure alumina.
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Figure 25. N> adsorption-desorption isotherms of composites containing 10% of various

metal ions versus pure alumina.
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2.3.7.3 The Effect of Metal ion Concentration on Textural Properties of y-Alumina

It was noticed that the surface arca and the pore volume generally decreased as the
concentration of the dopant metal ion was increcased as shown in Table 7 which presents
the textural properties of different metal 1ons with different concentrations. However, the
extent of decrease in the surface area was dependent on the metal ion. Interestingly, the
precursors based on organic anions, acetate and acac, resulted mn different behavior where
the surface areas, and in some cases pore volumes, did not decrease at high metal ion
concentrations and were comparable with those of low concentrations. This was the case
with Cu and Zn ions where acac and acetate precursors were used, respectively. Therefore,
the effect of the precursor 1s discussed separately in the next section. The most interesting
textural properties, high surface areas and large pore volumes, are observed for Al-V-3, Al-
Fe-2. Al-Cr-0.75, Al-Cr-2, Al-Ce-5 and Al-Mn-5. In addition, Al-Zn-10 showed relatively
high surface area and large pore volume among the composites with high metal ion

concentrations.
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Table 7. BET surface area and pore characteristics of composites with different metal ions

concentrations after calcinations at 500 °C.

M™ M™ (%) RS Surface  area | Pore Pore size
Precursor ( mz/g) volume (A%
(cc/g)
Cr 0.75 nitrate 292 0.96 130.1
2 nitrate 325 | 0.92 113.5
3 nitrate 261 0.46 70.3
10 nitrate 166 0.65 155.7
Fe 2 nitrate 302 0.875 115.4
3 nitrate 218 0.47 86.0
S nitrate 175 0.44 99.6
10 nitrate 168 0.58 138.4
A% 3 chloride 328 1.23 1502
el chloride 224 0.57 104.5
10 chloride 143 0.60 167.3
Ce 3 nitrate 280 0.84 1207
5 nitrate 326 0.78 95.8
10 nitrate 126 0.59 188.1
Mn 3 chloride 288 0.56 87.2
5 chloride 326 0.82 101.0
10 chloride 173 0.71 165.6
Zn 2 acetate 226 0.60 105.9
3 acetate 246 0.58 94.4
10 acetate 254 0.73 S5
Cu 3 acac 279 0.77 Jl 1
5 acac 2117 0.42 77.8
10 acac 273 0.45 64.8
20 acac 123 0.13 41.5
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The N: adsorption-desorption isotherms and pore size distributions of selected systems
for difterent metal ion concentrations from different precursors are shown in Figure 26 -
Figure 39. 1t is noticed that generally a concentration of 10% of metal ion shifted the
hysteresis loop to higher mesoproe range and the pore size distribution became less
homogeneous. The only exception was tor Al-Cu-10 which showed narrow pore size
distribution in the low range mesopore. This behavior could be reterred to the acac lignad
which was used m the copper-containing composites as discussed below. In addition, a
high concentration of 20% was studied for Cu (II) ions and 1t was found that the surface
area and the pore volume decreased considerably while the average pore diameter shifted

to low range mesopores and the pore size distribution became very narrow.

These changes at 20% concentration reflect a noticeably less porous powder.
Interestingly, the surface arcas and the pore volumes exhibited by most of the prepared
metal-doped alumina samples are higher than those reported m analogous studies n the
literature. As an example, in a study on Cr(11l)-doped y-alumina, composites with Cr ion
concentrations between 0.05 and 1% possessed surtace areas below 200 mz/g [99]. In the
present study Cr(111) concentration of 0.75% resulted in surface areas between 292 and 455
m*/g depending on the precursor employed. In another study, La-doped alumina prepared
by sol-gel method showed a surface area around 100 m*/g and pore volume of 0.324 cc/g
after calcinations at 600 °C which are considerably lower than analogous results in the

present work [107].
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Figure 26. N> adsorption-desorption isotherms ot Al-Zn-2, Al-Zn-3 and Al-Zn-10 versus

alumina.
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Figure 27. BJH pore size distribution of Al-Zn-2, Al-Zn-3 and Al-Zn-10 versus alumina.
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Figure 28. N> adsorption-desorption isotherms ot Al-Ce-3, Al-Ce-5 and Al-Ce-10.
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Figure 29. BJH pore size distribution of Al-Ce-3, Al-Ce-5 and Al-Ce-10 versus alumina.
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Figure 30. N: adsorption-desorption isotherms of Al-Mn-3, Al-Mn-5 and Al-Mn-10 versus

alumina
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Figure 31. BJH pore size distribution of Al-Mn-3, Al-Mn-5 and Al-Mn-10 versus alumina.
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Figure32.N» adsorption-desorption isotherms ot Al-Cu-3, Al-Cu-5, Al-Cu-10 and Al-Cu-20
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Figure 33. BJH pore size distribution of Al-Cu-3, Al-Cu-5, Al-Cu-10 and Al-Cu-20 versus

alumina.
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Figure34.N: adsorption-desorption isotherms of Al-Cr-0.75,A1-Cr-3,Al-Cr-5 and Al-Cr-10.
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Figure 35. BJH pore size distribution ot Al-Cr-0.75, Al-Cr-3, Al-Cr-5 and Al-Cr-10 versus

alumina.
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Figure 36.N: adsorption-desorption isotherms ot Al-Fe-2, Al- Fe-3, Al- Fe-5 and Al-Fe-10.

7.0 5
6.5 +
6.0 - —e— Al-Fe10
5.5 —&— Al-Fe2
50 —<4— Al-Fed
— 1 —w— Al-Fe3
o 4.5- .
) | —&— y-Alumina
O 4.0
£ 354
= ]
o 3.0+
> g
o 2.5
= ]
T 20
150
1.0 4
0.5 4 T
0.0 - ——— —— ' . — .
0 20 40 60 80 100 120 140 160 180 200
Pore Diameter A°

Figure 37. BJH pore size distribution of Al-Fe-2, Al- Fe-3, Al- Fe-5 and Al-Fe-10 versus

alumina.
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Figure 38. N; adsorption-desorption isotherms of Al- V-3, Al- V-7.55 and Al-V-10
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2.3.7.4 The Effect of the Metal ion precursor on the Textural properties of y-Alumina

To determine if there is any role of the precursor on the textural properties of the
calcmed products, composites containing selected metal ions were prepared using different
precursors. The effect of the precursor on the gelation process was recorded and was
discussed Section 2.3.5. The acetate and acetylactonate precursors, generally, resulted in
faster gel formation compared with nitrate and chloride precursor. The effect of the
precursors on the condensation reactions during gelation resulted eventually in a noticeable
eftect on the final textural properties of the composites. The condensation reactions upon
hydrolysis took place more rapidly when the acac precursors were used as compared with
the nitrate or the chloride precursors. This behavior could be reterred to a possible
interaction between acac ligands and hydrolyzed aluminum ion intermediates by proton
abstraction enhancing condensation reactions. Rapid condensation is known to be
associated with the formation of a gel network of more cross-lmking which usually shows
better resistance to collapsing due to capillary forces during drying [86] and hence higher
surface area and porosity. This explanation i1s well supported by the observed textural
properties of the composites.

The final textural properties were dependent on both, the metal ion and the precursor as
shown in Table 8 As an example, acetate and chloride ions resulted n different gelation
rates but the tinal surface area and pore volume ot Al-Zn-10 from both precursors were
very similar. On the other hand, using acetylacetonate precursor resulted in significantly
higher surface area and shightly larger pore volume compared with their nitrate
counterparts for Al-Cu-10 ,Al-Cr-10 and Al-Fe-10. In addition to their relatively higher
surface areas, the metal ions from acac and acetate precursors showed generally more
homogeneous pore size distributions with more portion of the pores in the low-range
mesopores on the account of those in the macropres region, as evident from their N»
adsorption-desorption isotherms and BJH pore size distributions presented in Figures 40-
47. It can be concluded that metal acetylacetonate precursors may be preferred for the
preparation of particular composites compared with the typically used nitrate and chloride

salts due to their possible role in controlling the rate of condensation reactions .

The lower tendency to aggregate and the associated higher surface areas of the solids
prepared from acac precursors may indicate an enhanced dispersion and incorporation ot
the dopant ions into the alumina matrix. This effect of the acac precursor can be explained

based on a possible role of the acac ligand in the gelation process and in hetero-linkage
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formation. While the incorporation of a hetro-ion in the matrix of alumina, by Al*’
substitution or by occupation ot a vacant interstitial hole, can take place during calcination,
it may take place during the hydrolysis and condensation process via a trasmetallation
reaction m the presence of the acac precursor. In this case some acac ligands may
coordinate to Al ions and, consequently, the dopant metal 1ons bind to the gel producing
M" -containing gel network. The reaction can also take place via the abstraction of an H'
from an OH group m the gel network by an acac ligand producing an acac molecule and
M-O-Al intermediate. This enhanced homogenecous incorporation of the dopant 1ons might
be correlated with the slightly higher degree of crystallinity of the acac-based composites

obscrved by XRD.
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Table 8. BET surface arca and pore characteristics of Al-M-10% compositions after

calcmations at 500 °C.

M™(10%) M"" precursor | Surface area | Pore volume Pore size
(m/g) (cc/g) (A°)

Cr nitrate 166 0.65 It 4

Cr acac 281 0.67 95.8

Fe nitrate 168 0.58 138.4

Fe acac 279 0.30 42.7

Zn chloride 261 0.72 110.7

Zn acetate 2 0.73 R

Cu chloride ‘ 174 0.38 87.5

Cu acac EE 0.45 64.8
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Figures 40. N> adsorption-desorption isotherms of Al-Cr-10 prepared from Cr(NOj); and

from Cr(acac)s.
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Figures 41. BJH pore size distribution of Al-Cr-10 Al-Cr-10 prepared from Cr(NO3)3 and

from Cr(acac)s.
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Figures 42. BJH pore size distribution of Al-Zn-10 prepared from ZnCl, and from

Zn(acetate)
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Figures 43. N> adsorption-desorption isotherms of Al-Zn-10 prepared from ZnCl; and from

Zn(acetate),
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Figures 44. BJH pore size distribution of Al-Cu-10 prepared from CuCl; and firom Cu
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—®— AI-Cu10 Cu(acac),
350 - —a— Al-Cu10 CuCI2
300 O Rl =L
/ ,.
—— . /
S 250 - / - e
O / e
O / [ ] [
=, o ,
Z 200 i
8 (A4S
) - » ;
T 150 ] £/
< e i e
[h] F ./ /
= oy , »
3 100 " * o
O " L
o -/'/ /.,’/.
- —®
oo *
- ——
50 ./’,./o
0 z T . T : T ! T Y 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)

Figures 45. N2 adsorption-desorption isotherms ot Al-Cu-10 prepared from CuCl; and

from Cu(acac)s.
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Figures 46. N> adsorption-desorption isotherms ot Al-Fe-10 prepared from Fe(NO3); and

firom Fe(acac);.
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2.3.7.5 The Effect of Different Solvents on the Textural properties of doped y-

Alumina

This study was done on Al-Fe-10 following the same general procedure using various
solvents. While the Fe precursor Fe(NO3);.9H,O was dissolved in 2-propanol, the Al
precursor was dissolved m other solvents as shown in Table 9. In addition, 0.1 ml of
concentrated nitric acid was added to the starting solution, as a hydrolysis acid catalyst,

before the hydrolysis step.

It 1s known that higher surface tension ot the solvent results in higher capillary pressure
inside the pores of the gel which leads to more pore shrinkage during the solvent removal
step, and eventually results m lower porosity and lower surface area of the calcined
product. This behavior may explain the lower surface arcas obtained for the composites
prepared in solvents containing toluene due to its higher surtace tension compared with the
alcoholic solvents in study. The N> adsorption-desorption isotherms and pore size Al-Fe-10
prepared in different solvents are shown in Figure 48 and Figure 49. It is noticed that Al-
Fe-10 in I-butanol produced well defined hysteresis loop indicating the presence of some
mesoporous structures while composites prepared in other solvents showed hysteresis loop
in lower relative pressure region indicating low mesopores range. In addition, Al-Fe-10 in
I-butanol showed very narrow pore size distribution. However, the surface area and the

pore volume decreased considerably using other solvents.
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Table 9: BET surtace area and pore characteristics Al-Fe-10% prepared from nitrate

precursor in different solvents after calcinations at 500°C.

Solvent Surtace Surface Pore Pore size |
tension area volume (A°)
(mN/m) (my/g) (cc/g)
2-propanol 223 168 0.58 138.4
I -butanol 25.00 100 0.14 54.1
Toluene 28.53 ) 0.09 68.7
2-propanol+toluene -- " f 0.30 3227
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Figure 48. The N> adsorption-desorption isotherm of Al-Fe-10 prepared in difterent

solvents.
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Figure 49. BJH pore size distribution of Al-Fe-10 prepared i ditferent solvents
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.7.6 The Effect of Acid catalysts on the Textural properties of y-Alumina

Using an acid catalyst is very common in sol-gel preparation of metal oxides and its
fect on the textural properties of the final product varies from one material to another.
ccording to Balakrishnan et al. [ 108], the surface area of sol-gel prepared silica decreased
the pH increased. On the other hand, the surface area was roughly constant for alumina
s a function of the pH. This difference was referred to their different rates of hydrolysis
here alumina hydrolyzes much more rapidly than silica [ 108], However, it seems difficult
» derive general trends for the role of the acid catalyst as other variables may override its

ffect.

In the present study. the effect of an acid catalyst was tested in the preparation of Al-Fe-
10 where HNO; was used in an acid/Al ratio of 0.1. The effect of the acid was observed
during the preparation of the gel. While a clear gel was obtained when the acid was added
to the undoped alumina starting solution, a colloid was obtained for Al-Fe-10 i the
presence of the acid, in contrast to the clear gel obtained tor the same composite in the
absence of the acid. These observations clearly indicate a role played by the acid during
the progress of the condensation reactions that eventually had a negative impact on the
textural properties as shown n Table 10. In general, the presence of an acid resulted in
considerably lower surface areas and total pore volumes. The surface area decreased from
168 m*/g. in the absence on an acid, to 111 m*/g when the acid was added. Similarly, the
pore volume decreased from 0.58 to 0.36 cc/g. Further increase of acid/Al ratio to 0.3, led
to further decrease in surface area to 69 m*/g. However, the pore volume slightly increased

and pore size increased.

The changes m the pore structure can be clearly seen by comparing the i1sotherms and
the pore size distributions presented in Figure 50 and Figure S1. It is noticed that addition
of acid shifted the hysteresis loop to lower relative pressure indicating low mesopores
range. In addition, the surface area and the pore volume decreased considerably by the
addition of acid. More work 1s needed in order to understand the effect of the acid catalyst

under difterent conditions.
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2.3.7.6 The Effect of Acid catalysts on the Textural properties of y-Alumina

Using an acid catalyst is very common in sol-gel preparation of metal oxides and its
effect on the textural properties of the final product varies from one material to another.
According to Balakrishnan et al. [108], the surface area of sol-gel prepared silica decreased
as the pH increased. On the other hand, the surface area was roughly constant for alumina
as a function of the pH. This ditference was referred to their different rates of hydrolysis
where alumina hydrolyzes much more rapidly than silica [ 108], However, it seems difticult
to derive general trends tor the role of the acid catalyst as other variables may override its

ettect.

[n the present study, the eftect of an acid catalyst was tested in the preparation of Al-Fe-
10 where HNO; was used n an acid/Al ratio of 0.1. The effect of the acid was observed
during the preparation of the gel. While a clear gel was obtained when the acid was added
to the undoped alumina starting solution, a colloid was obtained for Al-Fe-10 n the
presence of the acid, in contrast to the clear gel obtained for the same composite in the
absence of the acid. These observations clearly indicate a role played by the acid during
the progress of the condensation reactions that eventually had a negative impact on the
textural properties as shown in Table 10. In general, the presence ot an acid resulted n
considerably lower surtace areas and total pore volumes. The surface area decreased from
168 m*/g. in the absence on an acid, to 111 m*/g when the acid was added. Similarly, the
pore volume decreased from 0.58 to 0.36 cc/g. Further increase of acid/Al ratio to 0.3, led
to further decrease in surface area to 69 mz/g. However, the pore volume slightly increased

and pore size increased.

The changes in the pore structure can be clearly seen by comparing the isotherms and
the pore size distributions presented in Figure 50 and Figure 51. It s noticed that addition
of acid shifted the hysteresis loop to lower relative pressure indicating low mesopores
range. In addition, the surface area and the pore volume decreased considerably by the
addition of acid. More work is needed in order to understand the effect of the acid catalyst

under different conditions.
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Table 10. BET surface area and pore characteristics of Al-Fe-10% prepared from nitrate

precursor in the presence and in the absence of an acid catalyst

Acid/Al ratio Surface area (m“/g) | Pore volume Pore size
(cc/g) (A%)

0 168 0.58 138.4

0.1 111 0.36 131.3

0.3 69 0.40 233.9
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Figure 50. The N> adsorption-desorption isotherm of Al-Fe-10 prepared in the presence

and 1n the absence of an acid.
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104



2.3.7.7 Effect of Calcinations Temperature on the Textural properties of y-Alumina
Heat treatment of powders is usually associated with a decrease in surface area as a
result of sintering or phase transformation. In the case of alumina any loss of surface area
that accompanies calcinations below 700 °C can be referred to sintering ot y-alumina since
phase transformations require higher temperatures. Al-V-7.5% was selected for textural

characterization after calcinations at elevated temperatures as presented in Table 15.

The composite retained a relatively high surface area and pore volume after calcination
at 900°C where no phase changes took place as evident trom the XRD study of the
calcined powders as discussed earlier. However, the average pore diameter increased
noticeably which can be explained by the expected increase in the particle sizes due to
sintering. Hence, larger particles result in larger inter-particle voids. The increased pore
diameter is inferred from the corresponding pore size distribution, Figure 52, and N,
isotherms, Figure 53. The hysteresis loop shifted to higher pressure range as the

temperature increased indicating larger mesopores which fill up at higher pressures.
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Table 15. BET surface area and pore characteristics of Al-V-7.5% after calcinations at

different temperatures.

Calcinations temperature Surface area Pore volume Pore size
(C%) (m'/g) (cc/g) (A%)
500 323 1.23 150.0
800 188 0.95 2020
900 132 0.73 222.0
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Figure 52 . BJH pore size distribution of Al-V-7.5 at difterent calcinations temperatures.
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Figure 53. The N adsorption-desorption isotherm of Al-V-7.5 at different calcination

temperatures.
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Since the composites prepared from acac precursors exhibited enhanced textural
properties, Al-Cr oxide composites prepared from acac precursor with various Cr
concentrations were selected for textural characterization after calcinations at 800°C and
were compared with their counterparts prepared from the nitrate precursor, Table 12.
Interestingly, we found that composites from acac precursor retained significantly high
surface areas and pore volumes at 800°C comparable with those obtained for composites
from nitrates at S00°C. While the solids prepared from nitrates lost 25-30% of their surtace
areas, their counterparts from the acac precursor showed a loss in the range of 14-19% .
The other significant observation was that composites with high Cr ion concentrations, 5%
and 10%. suftered noticeably less decrease in their surtace areas and pore volumes upon
increasing the calcination temperature from 500 to 800°C. This behavior could be referred
to possibly better dopant ion dispersion when using acac precursor which eventually
hinders crystallization. In addition, the composites with high dopant concentration, 10%,
showed more pronounce resistance to surface area and pore volume loss when prepared
from acac precursors indicating an enhanced resistance to sintering. These observations
support the suggested enhancement of the incorporation of the dopant ions in the alumina

matrix in the presence of acac liagnds as discussed above.
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Table 12: BET surface area and pore characteristics of Al-Cr-x after calcinations at

difterent temperatures.

M" (%) M"" precursor | Calcinations Surface Pore Pore

temperature C° | arca volume size

(mz/g) (cc/g) (A°)
Cr0.75 nitrate S00 292 0.96 130.1
Cr0.75 nitrate 800 217 Q.82 150.9

Cr0.75 acac 500 45§ 0.98 86.1

Gri.78 acac 800 306 0.72 94.0

€r2 acac 500 palll 0.71 98.0
crl acac 800 234 0.69 118.0
Cr5 acac S00 285 0.75 105.2
Crs acac 800 239 0.73 123.0
Crlo0 acac 500 259 0.71 109.0
acac 800 P! 0.73 132.0
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Interestingly, the acac precursor showed a positive eftect on the behavior at elevated
temperatures. In contrast to what was observed for Al-V composites from chloride
precursor, the typical decrease in surface area and pore volume as well as the increase in
the pore diameter associated with elevated temperatures were generally minimized when
an acac precursor was used. Figure 54 - Figure 57 display the N, isotherms and the
corresponding pore size distributions of Al-Cr-0.75 and Al-Cr-5, as examples, from acac
precursor after calcinations at 500 and 800°C. The characteristics of the composite at 800°
C are very similar to those at 500 C. This behavior may be referred, to a possible
carbonaceous layer on the surtace of the particles that hindered particle growth or to role of

the acac species in the gel formation process and dopant dispersion as discussed earlier.
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Figure 54. The N, adsorption-desorption isotherm of Al-Cr -0.75 prepared from Cr (acac);

and calcinated at different temperatures.
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Figure 55. The Na adsorption-desorption isotherm of Al-Cr-5 prepared from Cr (acac)s

and calcinated at difterent temperatures.
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Figure 56. BJH pore size distribution of Al-Cr -0.75 prepared from Cr (acac); and

calcmated at difterent temperatures.
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Figure 57. BJH pore size distribution of Al-Cr -5 prepared from Cr (acac)s and calcinated

at different temperatures.
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2.4. Conclusion

y-ALO3 doped with metal ions including V(111), Fe(111), Cr(111), Mn(I1), Cu(Il), Ce(l11)
and Zn(1l) were prepared via sol-gel method at different compositions. The prepared
samples were characterized by N> adsorption for textural characterization, powder XRD,
Al-NMR spectroscopy, FTIR spectroscopy and SEM microscopy. The different metal ion

dopants and their concentration were compared.

It was observed that various metal ions and different metal ion precursors resulted in
different behaviors during the gelation process and different characteristics of the final
products, which indicate different modes of interaction of the metal ions with the alumina
network. Turbid rapid gel formation was observed for Zn acetate and Cu(acac),, which was
explained by rapid reactions between the acetate and acac ions and Al precursors
enhancing the condensation process and possible heterolinkage formation. In the case of
Fe and V, rapid transparent gel formed without any precipitation ot sol particles, a key role
of the type of 1on in the condensation and gel network formation. This behavior may
indicate an enhanced heterolinkege formation Al-O-M (M=Fe.V) that hindered particle

growth and precipitation.

The difterent physical characterization methods indicated the well dispersion of the
foreign metal 1ons in the alumia matrix. XRD patterns of the studied composites showed
the absence of segregated oxides of dopant 1ons. In addition, higher concentration ot metal
ions produced more amorphous powder compared with lower concentration indicating

hindered crystallization. FTIR spectra further supported the dispersion of the dopant ions.

“"AI-NMR study on Al-Cr showed the presence of pentahedrally coordinated Al ion
(AIV) indicating lattice disorder by substitution of some Al ions with Cr ions.
Thermochromsim phenomenon was observed during calciations step of Al-Cr-0.75 and
Al-Cr-2 and was referred to lattice expansion. Morphology of some selected Al-doped-
metals sample was studied by SEM technique. All composites showed homogenous

spherical aggregated particles with diameter in range of 100-200 nm.

The final calcined products exhibited unique textural properties comparable with those
of y-alumina. N, adsorption study showed that final textural properties were dependent on
type of metal concentration, metal precursor, solvent and acid catalyst. In general, it was

found that the surface area decreased as metal concentration increased. However, metal
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10ns based on organic anions such as acetate and acac, resulted different behavior where
high surface areas and pore volumes were generally retained when metal concentration
increased. Nevertheless, the fact that doped alumina retained the desired textural properties

of pure alumina was a significant achievement.

Using the acac precursors resulted n powders with high surface areas, homogencous
mesopores, and enhanced resistance to sintering. The acac precursors resulted in retaining
higher surface areas of the composites at high dopant concentrations as well as at high
calcination temperatures compared with the other precursors. Therefore, acac precursor of
a metal dopant might be preferred over other precursors to prepare doped y-alumina,

especially with high dopant concentrations.

The surface area and pore volume decreased for composites prepared in solvents
containing toluene. This behavior was referred to the high surface tension of toluene
compared with |-butanol and 2-propanol .In addition, the presence of an acid considerably
decreased the surface area and total pore volume of composited prepared under acidic

conditions.

Retaining the desired textural properties at eclevated temperatures is of primary
industrial interest. The composites studied at elevated temperatures showed no phase
changes upon heating to temperatures as high as 900°C indicating an enhanced stability of
the y-phase of the doped alumina. In addition, no segregated oxide of dopant ions was

observed which indicates stable dispersion of the metal 1ons in the alumina matrix.

Unique thermal stability was observed Cr(l11)-containing composites prepared from
acac precursor where high surface areas and pore volumes were obtained after calcinations
at 800°C compared with their counterparts prepared from the nitrate precursor. In addition,
composites with high dopant concentrations, 5% and 10% prepared from acac precursors
suffered noticeably less decrease in surface areas and pore volumes upon increasing the
calcination temperature from 500°C to 800°C. This behavior was referred to possible
better dopant ion dispersion when using acac precursor, which eventually hinders
crystallization. Furthermore, the typical increase n the pore diameter associated with
elevated temperatures was generally minimized when acac precursors were used. The

eftect of the acac precursor on the textural properties was referred to its possible role in
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controlling the condensation reactions during the gelation process or to possible formation

of carbonaceous deposits on the surface of the particles.
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IX. Chapter 3. Catalytic Oxidation by Transition-Metal-Doped

7-AlLO3: Deep Oxidation of 1,2-dichloroethane

3.1 Introduction. y-Alumina-based Material in Applications

Nowdays, alumina exceeded silica in many applications for many reasons: it provides
high surface area and possesses superior amphoteric properties. In addition, alumina is
highly stable at high temperatures, over a broad range of pH values and possesses strong
Lewis acid sites for superior bonding to materials. Moreover, alumina also posses many
other unique properties such as: high mechanical strength and low thermal conductivity.
All these properties made alumina to be one of the mostly used materials in several
applications in various fields; in medical, chromatography and separations, clean energy

productions . in environmental applications and catalysis.

3.1.1 Alumina in Medical Applications

Alumina is a widely used material in medical applications for its attractive properties
such as hardness, stability at high temperatures and its biocompatibility. For example,
alumina 1s used for arthoplasty applications such as total hip arthroplasty. Many studies
proved that alumina ceramic possesses high resistance to wear debris which makes it a
very promising material in chnical tolerance compared with metals and polymer materials
[1.109,110]. Furthermore, there are many studies on utilizing alumina as a drug carrier
surface in human body. As an example, Kapoor S and others [I111] used mesoporous
functionalized with various hydrophilic and hydrophobic surface chemical groups as the

carrier for delivery ot the model drug ibuprofen.
3.1.2 Alumina in Separation and Chromatographic Applications

Silica has been commonly used as a sohd support in different chromatographic
technologies. However, it has many deficiencies under certain experimental conditions. JJ
Pesek [112] found that in HPLC techniques, silica sufter from pH instability as well as
from strong affinity for strongly basic compounds. The vast majority of commercially
available silica stationary phases have operating pH values between 2 and 8. At lower pH

values, silica undergoes decomposition while at higher pH silica matrix begins to dissolve.
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Thus, more stable material under severe pH conditions was needed, and alumina was found

to serve this purpose.
3.1.3 Alumina in Clean Energy Production

Developing alternative energy resources like natural gas and electricity is gaining
significant attention worlwide. Alumina based materials play a role providing these energy
sources to the marketplace through their role as adsorbents and catalytic materials. As an
example, alumina now is used for Hy production as a clean energy source. Hydrogen is
considered to be the most useful energy carrier due to its clean and non-polluting nature. A
number of catalytic reforming technologies. such as steam reforming, partial oxidation
.auto-thermal reforming, and CO> reforming. have been extensively investigated for the
different scale of hydrogen production from various hydrocarbons and alcohols. Many
studies showed that alumina can be used for H> production. Jeong Gil Seo and Min Hye
Youn [96] prepared a series of mesoporous nickel-alumina aerogel catalysts with ditterent
second metal (N1, Ce, La,Y, Cs, Fe, Co, and Mg) by a single-step sol-gel, and they found
that all catalysts exhibited promising catalytic activity for H> production. Furthermore,
Maria Crisan [113] prepared NiO supported over Al;Oj; catalyst by sol-gel method and

they used it for glycerol reforming to generate H, for tuel cell applications.
3.1.4 Alumina in Environmental Remediation

Alumina usage has been widely studied and implemented to solve many environmental
issues that are of global concermn. Examples of these environmental issues include: water

and air purifications.
3.1.4.1Alumina in Water Purification

A recent report from United Nations Environmental Program revealed that more people
die from contaminated water and air than from all types of violence [1]. Alumina has the
ability to adsorb and decompose many of toxic contaminants presents in water. Adsorption
processes is one of the most important processes in water treatment technology. It was
found to be the most effective treatment method (up to 100% efficiency) for the removal of

many toxic materials such as: Arsenic, Lead, Fluoride, Pesticides and Dyes [2].

Activated carbon was the most popular adsorbent used for water purification. However,

it was limited to adsorb mostly the non-polar compounds rather than polar compounds,
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which are typically present i natural water and need polar surface functional groups as the
ones presents on the surface of Alumina to adsorb them [1]. Several studies have shown
that alumina was the most effective treatment material (up to 100% efficiency) for the
removal of As(V), Se(VIl) and (F') from water. The other inorganic compounds or ions
such as barium, cadmium, chromium, lead, mercury, nitrate, silver and radium were found
to be adsorbed over alumina to a lower extent. In two recent studies [114,115] , it was
tound that alumina adsorb lead(ll), Cd and As efficiently from drinking water and waste
water . Moreover, it was found that alumina could adsorb several alkanes, cyclic
hydrocarbons, aromatic hydrocarbons and chlorinated compounds [116].

In addition, alumina can effectively elute radioactive wastes from polluted sites by
adsorption and filtration. For example, especially designed activated alumina captures
uranium with high aftinity, and the alumina particles can then be safely disposed of the
radioactive hazard. In one study [117], it was found that alumina efficiently adsorbed

Uranium and almost 100% ot U(V1) was successfully been extracted from alumina.

3.1.4.2 Alumina in Air Purification

Volatile organic compounds (VOC) are considered to be a main source of air pollution.
They are known to have high vapor pressure and low solubility in H>O. VOCs are emitted
from large variety of sources including various industries and house-hold products [118].
Non halogenated organic compounds are among the most common and toxic materials and
they include aldehydes, Carbon monoxide, that is mainly produced from automobile,
toluene, propylene, styrene, phenol , acetone and many others. Halogenated organic
compounds such as [,2-dichloroethane (1,2-DCE), Dichloromethane ,Trichloroethane and
chlorobenzene are well known matenals for their high toxicity and stability in the
environment. All these harmful materials contribute to air as well as water pollution. They
are also involved in destruction of ozone layer and global warming. Therefore, since their
emission is increasing, stringent environmental regulations are placed and the need for new
eftective methods for their abatement s one of great importance [119-122]. Figure 58

shows some of the most common VOCs.
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Many advanced methods for the quick and economical removal of VOCs from air have
been mvestigated. One of these methods involves Photocatalytic Oxidation which
commonly uses nanosemiconductor catalysts and ultraviolet (UV) light to convert organic
compounds into benign and odorless constituents , water vapor and carbon dioxide. Most
Photocatalytic Oxidation reactors use nano-titania (TiO,) as the catalyst that is activated by
UV light [123]. The most commonly used method for chemical waste treatment on large
scale 1s incineration, which typically requires high temperatures to achieve complete
combustion. Chlorinated organic compounds, in particular, require elevated temperatures,
as high as 1000 °C, for complete thermal oxidation. Besides the high costs, due to high
temperatures, the incineration process i1s always associated with the formation ot a wide
range of toxic byproducts such as NOx, dioxins and dibenzoturans [124]. While scrubbing
and adsorption are the most commonly employed methods for removing gaseous pollutants
from industrial gas streams, they show very limited efticiency towards Chlorinated
Volatile Organic Compounds (CVOCs) [125]. However, catalytic oxidation that operates
at lower temperatures is considered to be the most efticient alternative for complete CVOC
destruction as we will be discussed in the next section in relation to the role of alumina in

catalysis .

3.1.5 y-Alumina-Supported Transition Metal Oxide for Oxidation of Chlorinated

VOCs

The most common catalysts are currently studied for degredation of CVOCs are
composed of Nobel metal particles and metal oxide supported on a high surface area
support such as y-alumina. Generally, supported noble metal catalysts exhibit higher
catalytic activities as compared with metal oxide catalysts. However, disadvantages of
noble metals, compared with metal oxides, include: (a) their higher costs, (b) deactivation
due to their sensitivity to poisons, especially in the presence of chlorine atoms and (c)
sintering at higher temperatures [126]. On the other hand, metal oxide catalysts have
several advantages including higher thermal stability, lower costs, and the possibility of
fabrication in high surface area porous powders. Therefore, metal oxides have been
studied extensively as appropriate catalysts for the total combustion of Chlorinated

Organic Compounds (COCs) [119,125-131].
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Alumina by itself showed good catalytic activity toward decomposition of VOCs. As an
examples, sol-gel alumina showed a promising catalytic activity in the dechlorination of
carbon tetrachloride at temperature < 350°C [29]. In addition, alumina showed high
catalytic activity for oxidation of 1,2- Dichloroethane (1,2-DCE) and trichloroethylene
(TCE) , and 1t was found that 1,2-DCE decomposed to vinyl chloride at temperature
between 250-450°C and complete conversion was achieved around 350°C [132]. In
addition to intrinsic catalytic activity, alumina is extensively used as catalytic supports for
other catalytic materials such as noble metals and metal oxides duc to its favorable textural
properties and intrinsic acid-base characteristics. In particular, y-alumina support which
usually possesses high surface area, high pore volume, narrow pore size distribution and

sigmficant surface Lewis acidity can enhance the catalytic activity [132].

y-Alumina supported Manganese oxide (MnOj3) and Chromium Oxides (Cr.03)
catalysts are known to have high catalytic activity for combustion of non-chlorinated and
chlorinated organic compounds. Ting ke Tseng and others [133] performed catalytic
destruction of 1,2-DCE over MnO3; supported on y-alumina ( MnO3/Al-03), and found that
1,2-DCE decomposition started from 15% at 450 K, and rises to 100 % at temperature in
the range of 700-800 K . Mc Alvarese [134] performed catalytic oxidation of VOCs (
Formaldehyde) over Mi/Al>Q; and found that total oxidation was achieved at 220°C over
18.2% Mn/Al;O3. Moreover, Meng Wu [135] prepared Mn,Ce,/Al:O; mixed oxide
catalysts with difterent compositions and they tested them for catalytic combustion of
chlorobenzen (CB). It was found that MnCe/ Al:O; catalysts possess high catalytic
activity. The literature is rich of many other examples where y-alumina played a key role

as a support for VOC degradation catalysts [118,132,136,137].
3.1.6 y-Alumina-Based Mixed Metal Oxides and Doped Alumina

Compared with supported systems, there are few reports on y-alumina dopes with
transition metal ions and aluminum based mixed oxides. A range of transition metals such
as Zn, Fe, Cr...etc are considered as catalytic promoters . As an example, Carlos J lucio
and others [19] synthesized Fe-doped y-alumina using sol-gel technique to evaluate its
effect in catalytic combustion of TCE. They concluded that alumina catalyst doped with Fe
was a good catalyst for abatement of VOCs. In another study, Loretta Storaro [52] found
that Cr-doped alumina demonstrated high catalytic activity at low temperatures in the

oxidation of chlorinated hydrocarbons.
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3.1.7 Catalytic Oxidation of 1,2-Dichloroethane Over y-Alumina

In most of the reported studies. it was found that 1.2 dichloroethane DCE, first
decomposed to vinyl chloride, C2H3Cl, and HCI followed by direct oxidation to CO and
CO.. However, deep oxidation took place at relatively high temperatures, around 400 °C,
and, besides CO,, CO was a major product. In previous studies, it was found that
nanostructured y-alumina exhibited promising catalytic activity towards the adsorption and
oxidation of some COCs [79,138]. It was also found that catalysts based on bulk mixed
oxides can exhibit significantly enhanced catalytic activity in these reactions compared
with their corresponding single metal oxides as well as their supported counterparts [ 119].
In the present paper work we studied the activity of several transition-metal-doped y-
alummna m the deep oxidation of DCE. Promising catalytic activities and interesting
dependence on the nature of the dopant and its concentration were observed. FTIR
spectroscopy was used for qualitative as well as quantitative probing of the catalytic

reactions.

3.2 Objectives

In this chapter we will discuss the results of our investigation on evaluating and
comparing the catalytic activity of some prepared catalysts described in chapter 2. Selected
composites were studied as catalysts for the catalytic combustion of DCE. The catalytic
activity and the nature of the products were evaluated and compared with those from

reactions over pure y-alumina m the same reaction.
3.3 Experimental Procedure

3.3.1 Materials and Catalysts Preparation
Materials and Catalysts preparation is described in Chapter 2. DCE (99.5% pure) was

obtained from Aldrich and was used as received.

3.3.2 Catalytic Activity Study

The catalytic activity of the prepared catalysts in the oxidation of DCE vapor was
investigated using fixed-bed flow reactor under atmospheric pressure (Figure 59). The
reactor was coupled in-line with a continuous flow FTIR gas cell, from Pikes Technology,

for continuous monitoring of the reaction products. The reactor was made of U-shape
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stainless steel tube which was heated using a tube furnace equipped with a temperature
controller and a K-type thermocouple. The reaction feed, monitored by mass tlow
controllers, was composed of O2/N> muxture (20% O:) at a tflow rate of 20 ml/min and
DCE vapor introduced to the feed by a syringe pump at a rate of 2.5 pul/min. The feed was
preheated before entering the reactor. The catalyst (0.125 g, 180-355 mesh) was packed in
the reactor between a stainless steel frit and a glass wool plug. Before each reaction, the
catalyst was pretreated at 400 °C for | h under O2/N; tflow. After maintaining the desired
reaction temperature (300°C) for the reactor, DCE was introduced. The eluting products
were allowed to flow continuously through the heated gas cell housed in the FTIR
spectrometer chamber. The transfer line and the IR cell were heated at 150 °C to prevent
any condensation. FTIR spectra of the products were recorded continuously every five
min during the first 30 mmutes and then every | h for the rest of the reaction period, a total
of 5 h or 36 h in selected experiments. 10 spectra were recorded continuously each time
within a period of 2.5 minutes. The spectrum of the cell, with O2/N; flow, was recorded
before starting the reaction and was subtracted as a background from each spectrum of the

products.
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3.4 Results and discussion

Several studies reported that the oxidation of DCE on the surface of solid acids,
including alumina and zeolites, starts at temperatures > 200 °C, and in the temperature
range of 200-400 °C the main products were vinyl chloride (C;H3;Cl) and HCL The
selectivity to the deep oxidation product, CO», has been found to be relatively low [139-
141]. The doped y-alumina catalysts in the present study showed interesting results where
a promising catalytic activity in the complete oxidation reaction of DCE was exhibited by
certain catalysts. The employed FTIR method allowed for real-time monitoring of the
reaction products and allowed for qualitative as well as quantitative comparison between

the different catalysts in study.
3.4.1 Qualitative Evaluation of the Catalytic Activity

Reactions over selected prepared catalyst were conducted at 300°C. The products
included mainly vinyl chloride (VC), identified by its Ac-¢ IR absorption around 1610 cm’
', CO,, and HCI. Figure 60 shows FTIR spectra of the products at different reaction times

at 300 ° C for Al-Cr-3% as an example.
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Figure 60. FTIR spectra of the products of DCE oxidation over Al-Cr-3% at 300°C at

different reaction times.
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Figure 61-65 present FTIR spectra recorded for reactions over Al-Cr-3, Al-V-3 , Al-Cu-
3 and pure y-alumina at 300 ° C at different reaction times for S hours. The % conversion
as well as type of products was dependent on the type of dopant. It was found that the total
conversion of DCE and the deep oxidation to CO> were significantly enhanced by the
presence of certain dopant ions. While reactions over undoped y-alumina produced only
VC and HCI as well as very small amounts of COs, reactions over Cu- and Cr-doped
catalysts showed enhanced capability for decp oxidation forming significantly larger
amounts of CO>. The spectra from reactions over Cu-based catalysts showed, in addition
to the main products, new absorptions around 1100 and 1180 cm™ as well as multiple
peaks in the region of 815-940 cm™ as shown in Figure 65. While these new byproducts
are still not identified, and work tor this purpose is still undergoing, we will focus in the
rest of this study on comparing the total conversion and, more importantly, the ability for

decp oxidation to CO; by the different catalysts.
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Figure 61. FTIR spectra of the products of DCE oxidation over Al-Cr-3, Al-V-3 and Al-Cu-3 at

300°C after 1hr of reaction.
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Figure 62. FTIR spectra of the products of DCE oxidation over Al-Cr-3, Al-V-3 and Al-Cu-3 at

300°C after 2hr of reaction.
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Figurc 64. FTIR spectra of the products of DCE oxidation over Al-Cr-3, Al-V-3 and Al-Cu-3 at
300°C after 4hr of reaction.
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Figure 65. FTIR spectra of the products of DCE oxidation over Al-Cr-3, Al-V-3 and Al-Cu-3 at
300°C after Shr of reaction.
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3.4.2 Quantitative Evaluation of the Catalytic Activity

The % conversion of DCE was determmed from the ratio of the integration of its
characteristic peak at 1238 cm™ to the integration of the same peak in spectra collected in a
series of blank experiments where different DCE concentrations were used under the same
experimental conditions in the absence of a catalyst. A calibration curve of a linear
coefticient of 0.99 was obtained and was used to determine the % conversion. Since it was
difticult to quantitate the difterent products and intermediates based on the IR study alone,
the selectivity to the main products, COz and C;H;Cl, was evaluated by scaling their
characteristic IR peak intensities via peak integration using the same peaks in the spectra of
reactions over y-alumina as a reference. The characteristic peaks used to evaluate CO; and

CaH;Clare those at 2358 cm™ and 1610 cm™, respectively.

Figure 66 represents the % Conversion of DCE over undoped alumina and y-alumina
doped with 3% metal ions . The total conversion of DCE was dependent on the type of the
dopant ion used. While the presence of Cr'' and Cu®* significantly enhanced the
conversion, V' resulted in a noticeable decrease in the DCE conversion. Figure 67
represents the profile of CO:2 and VC produced from the reactions over pure alumina and
3% metal doped alumina. The VC was the major Cl-containing hydrocarbon product from
reactions over Cr- and V-doped catalysts, similar to that on undoped y-alumina, and
zeolites as reported in the literature [139]. On the other hand, The Cu-doped catalyst
resulted in the formation of a negligible amount of VC. More importantly, the deep
oxidation to CO: was significantly enhanced by the Cu-doped catalyst, Figure 61-65 and

Figure 67.
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Although all metal ions enhanced the oxidation reaction compared to undoped y-
alumina, Cu®’ ions exhibited the highest oxidation activity resulting in significantly larger
amounts of CO: on the account of VC. The fact that VC was the only Cl-containing
hydrocarbon product over y-alumina may indicate that VC formed as an intermediate that
underwent further oxidation reactions to CO; on the Cu-containing catalyst. While the
behavior of the different metals 1s still under investigation by testing a wider series of
metal dopants under different conditions, the enhanced oxidation can be referred to a
synergic interaction where the acidic Al ions on the surface promotes adsorption whereas
the transition metal ions promote oxidation of the adsorbed species. The role of Lewis acid
sites in the adsorption and hydrodechlorination of DCE was also suggested by others [142].
The suggested role of transition metal i1ons is based on known redox capability of these
ions via Mars van Krevelen mechanism [119]. In addition, surface transition metal ions
can undergo acid-base interactions besides their redox reactions enhancing the catalytic
activity. The enhanced catalytic activity of the doped catalysts may indicate an increase in
their surtace Lewis acidity and catalytic active sites compared with the undoped catalyst.

This can be confirmed by further studies on surtace acidity measurements
3.5 Conclusions

Catalytic oxidation of DCE was performed over AIl-Cr-3, Al-V-3 and Al-Cu-3
composites as well as on pure y-alumina prepared by sol-gel method at 300 ° C. Products
included C;H;Cl1, CO, CO; and HCI. The doped catalysts showed higher % conversion
and promising activity in the deep oxidation ot |,2-dichloroethane to CO- at relatively low
temperatures compared with pure y-alumina. The nature of the products was strongly
dependent on the presence of dopant ions and on the type of dopant. Interestmgly, Cu- and
Cr-doped catalysts showed signitficantly stronger capability for deep oxidation ot DCE to
CO;. Thus they can be used to develop promising and etficient catalysts for the oxidative

decomposition ot chlorinated organic compounds.
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